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Abstract 
Climatic and land use changes are affecting the distributions of many species and habitats. A 
detailed understanding of these impacts is critical for conservation and adaptation planning, 
but much interspecific variability remains unexplained. One reason may be that studies have 
tended to consider only effects of changes in mean climate, not of annual variation. Using 
data of the Orthoptera Recording Scheme and additional field observations, I investigated 
effects of species traits and seasonal variability in weather on the pattern and process of 
distributional changes of grasshoppers and crickets in Britain over recent decades. I found 
large changes in the distributions of several species, and relatively greater increases for 
habitat generalists, species that oviposit in vegetation, and for those with a southerly 
distribution. In a study of the rapid range expansion of two wing-dimorphic species, 
Conocephalus discolor and Metrioptera roeselii, I found some of the first evidence for effects 
of seasonal weather on annual colonisation rates, and for an interaction between the effects 
of temperature and precipitation. The findings suggest that for some species weather may 
concentrate dispersal into waves in climatically favourable years. This may increase 
successful establishment through greater numbers of colonists, and may also be 
advantageous in fragmented landscapes, allowing species to invest in dispersal only 
sporadically and under favourable conditions. The results also highlight the importance of 
considering interactive effects of temperature and precipitation when examining species’ 
responses to climatic variability. Studies like these are made possible by large-scale, long-
term distribution recording by volunteers. However, the unstructured and evolving nature of 
this “citizen science” makes the data prone to biases that need to be taken into account 
during analysis. I reviewed current recording of Orthoptera and the scope for its 
development, and propose a protocol for Orthoptera abundance monitoring by volunteers 
for future research and conservation applications.  
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1. Introduction 
Changes in the distributions of species and their habitats are one of the most fundamental 
and important changes occurring in the natural world in response to current alterations in 
climate and land use. These changes are likely to continue throughout this century and 
beyond. A detailed understanding of the pattern of these distributional changes and the 
underlying processes is critical for conservation and adaptation planning. While broad 
patterns of species’ responses have been documented, a great deal of variability between 
and within species remains unexplained. As ectothermic insects of open habitats, 
grasshoppers and crickets (Orthoptera) are sensitive to the effects of climatic and land use 
changes. The Orthopteran species in Britain have a range of biological and ecological traits, 
and include several wing-dimorphic species, making dispersive individuals easily identified in 
the field. These characteristics make the group particularly suitable for investigation of range 
change processes, and of variation in responses to environmental change. Britain has a 
strong tradition of biological recording by naturalists, with recording schemes for many 
species groups, including Orthoptera, that have been active for decades. Such biological 
recording that relies on contributions from volunteer recorders, now often referred to as 
“citizen science”, has allowed monitoring of species distributions over temporal and spatial 
scales that would be unachievable otherwise. However, the unstructured and changing 
nature of this type of data collection makes the records prone to various biases that need to 
be taken into account during analyses. Using data of the Orthoptera Recording Scheme and 
additional field observations, this thesis investigates inter- and intraspecific variability in 
responses to climatic and land use change of Orthoptera in Britain over recent decades, and 
some of the underlying ecological processes. It also evaluates current recording of 
Orthoptera and the scope for its development for future research and conservation 
applications. 
 
1.1 Species ranges and range changes: introduction, definition and 
importance 
This section introduces and defines the concepts of species distributions and distributional 
changes for the purposes of this thesis, and introduces the main factors and processes 
limiting distributions and driving distributional changes. The main current drivers of 
distributional change, and ways in which their effects have been investigated so far, 
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including through the use of citizen science data, are then discussed in greater detail in 
subsequent sections in order to set out the approach and questions tackled in this thesis.  
 
1.1.1 Ranges and range changes 
The range or distribution of a non-migratory species can be defined as the area in which it 
has breeding populations. This area can be described either in terms of the species’ “extent 
of occurrence”, i.e. the area inside the smallest continuous convex boundary that can be 
drawn around all populations; or in terms of its “area of occupancy”, i.e. the area within this 
extent of occurrence which the species actually occupies (IUCN 2012). The size of the area of 
occupancy depends on the spatial resolution at which it is mapped. Unless otherwise 
specified, in this thesis a species’ distribution or range is taken to mean its area of occupancy 
in Britain at a 10km grid square resolution, which is the standard resolution of national 
distribution maps.  
Alongside the origins of the diversity of species on Earth, the reasons underpinning the 
different distributions of species have intrigued biologists since the time of Charles Darwin 
and Alfred Russell Wallace. The main parameters determining the extent and location of a 
species’ global distribution are: abiotic factors such as climate and geology, with a species’ 
physiological limits determining the range of conditions in which it can reproduce; biotic 
factors such as food sources, competitors, predators and pathogens; its dispersal ability, 
colonisation history and geographical barriers to dispersal such as oceans, deserts or 
mountain chains; and genetic factors, such as gene flow from central populations limiting 
adaptation to environments beyond the current distribution (Brown and Lomolino 1998, 
Gaston 2003). Changes in any of these “biogeographic” parameters determining species’ 
ranges can lead to distributional changes: range expansions through colonisations of new 
areas, or range contractions through local extinctions. 
Species’ ranges and range changes are therefore important parameters that indicate species’ 
environmental and ecological tolerances and their past and present fortunes. They are 
fundamental measures of species’ conservation status, and distribution size and trend are 
used as key criteria in assessments of extinction threat (Mace et al. 2008). Changes in one 
species’ range will often affect others: interspecific differences in range changes lead to 
changing community compositions, and may therefore have important ecological 
consequences (Schweiger et al. 2008, Gilman et al. 2010, Le Galliard et al. 2012). Similarly, 
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where species play important ecological and ecosystem service roles, changes in their 
distributions may indicate the degree of resilience of these systems to environmental change 
(Oliver et al. 2015a).  
 
1.1.2 Range margins 
Range margins can be defined as the geographical edges of permanently occupied species 
distributions (Gaston 2003). In this thesis, range margins are taken to mean the 10km grid 
squares at the furthest extent of a species’ area of occupancy in any given direction, e.g. the 
northern range margin refers to the squares with the highest latitude (Hickling et al. 2006). 
The factors limiting the extent of species’ distributions and the processes involved in range 
expansion and contraction through colonisation and extinction may come into focus towards 
the range margins, where species are often restricted to a narrower range of habitats than in 
the range core that provide optimal conditions (Thomas et al. 1986, Oliver et al. 2009). While 
species distributions are usually not continuous in the range core either, the degree of 
fragmentation of suitable habitat is consequently likely to be greater towards the range 
margins (Hanski 1999, Gaston 2003). Studies of species in regions near their range margins 
may therefore be particularly suitable for understanding their ecological requirements, and 
the factors and processes driving or limiting range changes, such as environmental change, 
availability and spatial arrangement of suitable habitat, and species’ dispersal ability and 
dispersal processes (Hill et al. 2001, Gardiner 2009). 
 
Species’ distributions are therefore determined by a range of factors, whose influence may 
be particularly apparent near the range margins. Any change in these factors over time may 
drive distributional changes in species, which in turn may first become apparent at the range 
margins. The following section sets out the most important current drivers of distributional 
changes in order to illustrate their pervasive and rapid nature and provide context for the 
subsequent review of studies of their effects on species to date. 
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1.2 Drivers of distribution change 
1.2.1 Historical vs. present drivers 
Historically, important drivers of distributional changes of species have included changes in 
climate, evolution, natural dispersal of species, and geological processes. More recently, 
human activity has become the dominant factor affecting many species and regions, through 
land use change, anthropogenic climate change, pollution, overexploitation, and 
anthropogenic movement of species (Millennium Ecosystem Assessment 2005a). Human 
influence is now so pervasive that the term “Anthropocene” has been proposed to describe 
this epoch of significant human impact on the natural world (Crutzen 2002). In Britain, the 
principal factors affecting many taxonomic groups over recent decades have been land use 
and anthropogenic climate change, and they are likely to continue to be important for the 
next decades and beyond (Burns et al. 2016, Hayhow et al. 2016). These two drivers are 
discussed in the following sections, including pollution in so far as it is associated with land 
use. 
 
1.2.2 Anthropogenic climate change 
Global average surface air temperatures have risen by about 1.0°C since the late 19th 
century, largely caused by human activities that have increased levels of greenhouse gases 
such as CO2 and methane in the Earth’s atmosphere (Wolff et al. 2014). Much of this 
temperature rise has occurred in the past 30 to 40 years, with 16 of the 17 warmest years 
globally observed since 2001, making the speed of recent warming faster than most past 
climatic changes (Wolff et al. 2014, NASA 2017). Further warming of 2.4-4.6°C is expected 
globally by the end of the century if greenhouse gas emissions continue to rise unchecked; if 
emissions are reduced in line with current “Intended Nationally Determined Contributions” 
under the Paris Agreement, temperatures are projected to rise by a further 1.6-2.1°C over 
current levels, although the agreement aspires to limit warming to 1.5-2.0°C over pre-
industrial levels, i.e. only 0.5-1.0°C of further warming (Wolff et al. 2014, Rogelj et al. 2016).  
Changes in precipitation have also been observed and are expected to continue, for example 
increases in rainfall in northern temperate regions (UK Met Office 2015). Rises in 
temperature will also affect river flows and availability of water, and droughts are projected 
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to increase in frequency in regions like the Mediterranean, southern Africa and south-east 
Asia (UK Met Office 2013).  
Climatic changes are occurring unevenly across the globe, with greater warming over land 
surfaces than over the sea, and greater warming in northern regions than at lower latitudes 
(Wolff et al. 2014). Changes may also vary by season, for example in Britain spring 
temperatures have increased more than for other seasons, and winter precipitation is 
projected to increase by 10-30% by the 2080s, but summer precipitation to decrease by a 
similar amount (Parker et al. 1992, Murphy et al. 2009). Altogether this means that some 
regions and seasons are experiencing considerably greater, and others lower, than average 
climatic changes. Annual variability in weather is also predicted to increase, with more 
frequent and greater extremes, and with a potential for more severe weather events such as 
heavy rain storms (Wolff et al. 2014, UK Met Office 2015). 
 
1.2.3 Anthropogenic land use change and pollution 
Conversion of natural habitats for food production and other land uses has been one of the 
paramount anthropogenic influences on the natural world. Transformation of natural 
habitats for agriculture reached its highest rates globally in the second half of the 20th 
century and continues in many developing countries (Millennium Ecosystem Assessment 
2005a). In contrast, in developed countries conversion of habitats for farming has tended to 
slow or stabilise. In Europe, farming subsidies led to very large areas of land being taken out 
of production as “set-aside” from 1990 onwards. In England set-aside soon exceeded 10% of 
arable land, equating to several hundred thousand hectares, and remained at this level until 
payments for set-aside were stopped from 2008 (Defra 2016). Forest cover in temperate 
regions of Europe, North America and Asia has increased over recent decades, including 
through abandonment of marginal agricultural land, while it has continued to decline in 
tropical regions (Hansen et al. 2013, FAO 2016). 
Short of conversion of habitats, land use change may also affect habitat quality, for example 
through nutrient enrichment or cessation of traditional management. Modern intensive 
farming methods are characterised by high inputs of fertilisers and pesticides, and on many 
intensively used grasslands, monocultures of very few grass species with frequent cuts for 
silage instead of fewer cuts for hay. Nitrogen fixation through human activity, mainly 
fertilizer production, now equals or exceeds fixation in natural ecosystems, and despite some 
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advances in precision application, considerable proportions continue to be lost to the 
environment (Robinson and Sutherland 2002, Millennium Ecosystem Assessment 2005b). 
Large areas of the UK exceed “critical loads” of nutrient nitrogen, i.e. levels harmful to 
sensitive elements of the environment (Stevens et al. 2011). In Britain, vegetation in many 
habitats has become less diverse, taller, and more shaded between 1978 and 2007, with 
light-loving species of shorter turf declining, and competitive species characteristic of fertile 
ground increasing (Carey et al. 2008). Pesticides (insecticides, herbicides, fungicides) have 
contributed to a dramatic increase in crop yields from the middle of the 20th century, but 
have also reduced the diversity of plants, invertebrates and other species of the farmed 
landscape and beyond (Carson 1962, Woodcock et al. 2016).  
There are efforts in many countries to reduce the impacts of food production on the natural 
world, which have had variable success. Some of the most harmful and persistent pesticides 
have been phased out successfully, with organochlorines such as DDT banned in many 
industrialised countries in the 1970s, and world-wide in 2001 (UNEP 2017). However, 
applications of chemicals keep creating new environmental challenges and novel impacts on 
non-target organisms, such as the catastrophic effects of veterinary use of Diclofenac on 
Asian vulture populations (Oaks et al. 2004), and sub-lethal effects of neonicotinoid 
pesticides on wild bees (Whitehorn et al. 2012, Woodcock et al. 2016). In Britain the 
amounts of pesticides applied to farmland have decreased, but the number of pesticides 
used continues to increase (Robinson and Sutherland 2002). Organic farming practices have 
seen a revival in many industrialised countries, currently accounting for about 3% of 
agricultural land in the UK (Defra 2015). Organic farming has benefits for local biodiversity 
(Fuller et al. 2005), but organic yields are typically 25% lower than conventional yields, 
meaning that larger areas of farmland are required for the same output, although this varies 
by crop and site (Seufert et al. 2012). In the European Union, agri-environment schemes 
(AES) aim to support wildlife on conventional intensive farmland. Well-designed AES can 
have biodiversity benefits and do not necessarily affect yields negatively – they can even 
increase them for some crops (Pywell et al. 2015).  
 
Anthropogenic changes in climate, land use, and land use intensity are pervasive in many 
habitats and regions. Separately or in combination, these drivers may significantly affect the 
populations and distributions of many species – positively or negatively – with potential 
implications for conservation, community compositions, and ecosystem functioning. Such 
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impacts, and the ways in which they have been investigated, are the subject of the following 
sections. 
 
1.3 Suitability and importance of insects as study systems 
Regional investigations of exemplar taxonomic groups which share broad attributes and the 
way in which they are recorded and monitored, have proved a fruitful and practicable 
approach to studying impacts of large-scale environmental changes. Ideally, species groups 
investigated should be sensitive to the changes in question, amenable to sampling and 
observation, and of wide ecological and economic importance. This section assesses the 
suitability of insects (particularly Orthoptera) as study systems, and their ecological and 
economic importance. 
 
1.3.1 Suitability as study systems 
Insects have a number of traits which make them highly sensitive, and able to respond 
rapidly, to climatic and land use changes: they are ectothermic organisms, i.e. they largely 
rely on environmental heat sources to regulate their body temperature; many species 
occupy narrow ecological niches with specific requirements including vegetation structure; 
many insects have short generation times and large numbers of potential offspring; and 
many insects can fly or have other effective means of dispersal (Gullan and Cranston 1994, 
Thomas and Clarke 2004, Thomas et al. 2004b). While these traits mean that insect 
populations are likely to respond to environmental changes more rapidly than other species, 
they may also fluctuate considerably due to other factors such as interactions with predators 
and parasitoids (Gullan and Cranston 1994). Assessments of responses to environmental 
changes therefore need to be made at suitable scales, for example trends in population 
abundances need to be averaged over several years where the aim is to assess overall 
population trajectories (Fox et al. 2015).  
Insects are by far the most diverse group of animals on Earth, constituting more than half of 
all known species (Chapman 2009). This means that comparative studies can investigate the 
different responses of species within one insect group, which have a variety of life histories 
and ecologies, such as different generation lengths, degrees of resource specialism, or 
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dispersal abilities, while still being similar enough to be comparable (Angert et al. 2011). At 
the same time however, their species richness means that for many insect groups, 
monitoring data is limited in its coverage and scale in many regions, and studies have 
therefore tended to focus on a small number of taxa with the best data (Thomas 2005). 
As ectothermic species of predominantly open habitats, grasshoppers and crickets are very 
responsive to climatic and land use changes (Willott and Hassall 1998, Simmons and Thomas 
2004, Gardiner 2009, Cherrill 2010). While adults and mobile juvenile stages of many insect 
species are capable of behavioural thermoregulation, i.e. raising or lowering their body 
temperature above / below ambient conditions, the eggs and other immobile stages are 
likely to be affected directly by climatic conditions, particularly in open habitats whose 
microclimates are not as buffered as those of taller vegetation (see section 1.5.1 below). 
Open habitats are also particularly liable to being rapidly and strongly affected by land use 
changes such as agricultural intensification, eutrophication, or cessation of management 
(Sutherland and Hill 1995). 
The Orthopteran species in Britain display a broad range of biological traits which might 
explain interspecific differences in responses to environmental change (Benton 2012). A 
number of species are also wing-dimorphic, i.e. have distinct morphs with radically different 
wing lengths and corresponding dispersal abilities. This means these species have a large 
phenotypic plasticity of dispersal, and makes dispersive individuals easily identifiable in the 
field, rendering them particularly suitable for studies of range expansion processes (Roff 
1986, Simmons and Thomas 2004). Orthoptera in Britain are polyphagic or omnivorous, i.e. 
not bound to single species of food plant and are consequently suitable for investigating 
effects of environmental changes independent of the presence or absence of specific food 
plants (Ingrisch and Köhler 1998, Gardiner et al. 2002, Gardiner and Hill 2004, Benton 2012).  
 
1.3.2 Ecological and economic importance 
Due to their diversity and abundance, insects are of great ecological and economic 
importance, performing a large variety of ecosystem roles such as pollination, providing food 
sources for other species, controlling populations of other animals and plants (where species 
are carnivorous or omnivorous), seed dispersal, and breaking down and recycling organic 
matter (Waldbauer 2003). A range of insect species, including several Orthoptera, are also 
important as a human food source (van Huis et al. 2013). However, some insects can also be 
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significant crop pests, with 15% of crops worldwide estimated to be lost pre-harvest through 
insects. Climate change is likely to facilitate the spread of some insect pest species to new 
regions (Yudelman et al. 1998, Maxmen 2013). Globally, some Orthoptera, particularly 
swarm-forming locusts, can cause considerable damage to agricultural crops during 
outbreaks, mainly in arid regions. However, close monitoring and early intervention have 
prevented any devastating large-scale “plagues” for several decades now, and some locusts 
have in fact suffered regional extinctions (Krall et al. 1998). 
None of the Orthopteran species in Europe are currently of significance as pests (Ingrisch and 
Köhler 1998). As large and abundant insects, temperate Orthoptera can form a large 
proportion of insect biomass in grassland habitats (Curry 1994) and provide important food 
sources for threatened, rare or declining bird species such as shrikes (Laniidae), white stork 
(Ciconia ciconia), kestrel (Falco tinnunculus), grey partridge (Perdix perdix), cirl bunting 
(Emberiza cirlus), corn bunting (Emberiza calandra), skylark (Alauda arvensis), corncrake 
(Crex crex), and common crane (Grus grus), for reptiles such as lizards (Lacertilia), for small 
mammals such as harvest mice (Micromys minutus), and for spiders, especially wolf spiders 
(Lycosidae) and large web-spinning spiders (Araneidae) (Glutz von Blotzheim et al. 1973-
1993, Evans et al. 1997, Ingrisch and Köhler 1998, Brickle et al. 2000, Benton 2012). 
 
Insects, and particularly Orthoptera, are therefore highly suitable, and important, study 
organisms for investigating effects of climate and land use change. The following sections 
summarise the scope and main findings of studies on insect range changes to date and 
highlight some limitations and unresolved questions, which this thesis aims to explore. 
 
1.4 Effects of climate and land use change on insect distributions 
This section summarises the main patterns of change which have been observed in insect 
distributions in recent decades and been attributed to changes in climate and land use. The 
following section (1.5) then summarises studies of the most important mechanisms and 
processes involved. Many studies have focussed on a few groups with the best data, 
particularly butterflies (Thomas 2005). Effects of current climate and land use changes on 
Orthoptera have been investigated less frequently in large-scale studies, despite the 
suitability of Orthoptera for such studies, their importance, and even though some long-term 
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monitoring data exist, including in Britain (see section 1.6 below, and chapter 2). Findings 
across insect groups are summarised in this section and the next in order to provide context 
for the studies carried out on Orthoptera in this thesis (chapters 3 and 4), suggest potential 
processes to examine in Orthoptera, and identify open questions which the particular 
characteristics of Orthoptera may help to investigate further. 
 
1.4.1 Range expansion and aggregation 
Poleward range expansions over recent decades have been documented for a number of 
insect and other species groups, consistent with effects of climatic warming on temperature-
limited species distributions (Parmesan et al. 1999, Hickling et al. 2006, Mason et al. 2015). A 
causal link to climatic warming is emphasised by the fact that average poleward shifts have 
been greater in studies with greater temperature increases (Chen et al. 2011). Equivalent 
distributional shifts have also been observed in terms of altitude, with average altitudinal 
limits of distributions moving uphill in concert with climatic warming over recent decades 
(Wilson et al. 2007, Chen et al. 2009, Roth et al. 2014). 
Averaged across species groups, mean observed distributional shifts may not appear to lag 
behind expected shifts greatly: for example, across eight insect groups in Britain, average 
extensions of northern range margins between ca. 1970 and 1995 were 24.3 (SD 10.9) km 
per decade, compared to expected shifts of 25.7 (SD 4.7) km if species had tracked mean 
climatic conditions fully (Chen et al. 2011). However, latitudinal as well as altitudinal range 
changes vary greatly, both within and between species groups, and temperature changes 
alone do not explain this variation. Some species have exceeded expected range shifts, and 
others have in fact shifted in the opposite direction, showing that species respond in 
different ways to the same drivers, and / or that factors other than climate change are 
involved (Chen et al. 2011, Roth et al. 2014, Mason et al. 2015). The most important such 
non-climatic factor is likely to be change in land use and the associated changes in spatial 
distribution and quality of habitats (Burns et al. 2016). Impacts of land use intensification on 
species distributions have been mostly negative, so they are discussed in the next section. 
In addition to expansion of species distributions at their cold range margins, “infill” between 
spatially separated subpopulations within the latitudinal limits of existing distributions may 
occur (Wilson et al. 2004). This may be a direct or indirect effect of climatic changes: 
improved climatic conditions may make previously unsuitable areas habitable (Davies et al. 
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2006), and / or lead to increasing population densities in existing subpopulations, which in 
turn lead to density-dependent colonisation of previously unoccupied suboptimal habitats 
(Oliver et al. 2009).  
 
1.4.2 Range contraction and fragmentation 
Range contractions and fragmentations have been observed for many species over recent 
decades, most commonly attributed to land use changes, but less commonly also to climatic 
changes, with large interspecific differences in the relative importance of these drivers 
(Franco et al. 2006, Thomas et al. 2006, Burns et al. 2016). Through conversion and 
deterioration of habitats in intensively farmed landscapes (section 1.2.3), populations of 
many species have become restricted to patches of semi-natural habitat and marginal land 
which is not economical to cultivate. In Britain, distributions of most habitat specialist 
butterflies shrank significantly between 1970 and 1999, attributed to negative effects of land 
use changes (Warren et al. 2001). Similarly, the greatest declines among moths in Britain 
between 1970 and 2010 occurred for species whose caterpillars are associated with low-
nitrogen and open habitats, consistent with negative effects of nutrient enrichment, 
intensification of agriculture and abandonment of marginal land (Fox et al. 2014).  
For cold-adapted species, climatic warming may cause extinctions and contraction of the 
southern / warm range margin. For example, warm range margins of butterflies with a 
southern limit in Britain have moved northwards and uphill between 1970 and 1999 (Franco 
et al. 2006), and moth species with a southern range margin in Britain declined significantly 
between 1970 and 2010 (Fox et al. 2014). Similarly, lower altitudinal range margins of 
butterflies in Spain have retracted uphill, with higher egg survival at greater altitudes 
suggesting a causative effect of rising temperatures (Wilson et al. 2005, Wilson et al. 2007, 
Merrill et al. 2008). 
 
The above summary illustrates that both climatic and land use changes may strongly affect 
insect distributions. Availability of long-term, large-scale climatic data has allowed many 
studies to include climate directly as a covariate. Equivalent data for land use change is not 
often available in sufficient detail or scale, and proxies such as species’ resource requirement 
traits can be used instead to assess likely effects (chapter 3). Many differences in recent 
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distributional changes between species currently remain unexplained. One reason for this 
may be that most studies have only considered effects of long-term changes in mean 
climate, and not considered annual or seasonal variability, even though this is known to 
strongly affect insect abundances (Pollard and Yates 1993, Roy et al. 2001, Henry et al. 2014) 
(chapter 4). An understanding of the mechanisms and processes involved in species’ 
responses to environmental change is important to help elucidate differences between 
species further and understand effects of annual variability – this will be discussed in the 
next section. 
 
1.5 Mechanisms and processes of insect range changes under climate and 
land use change 
1.5.1 Microclimates, thermoregulation and vegetation structure 
1.5.1.1 Microclimates 
Microclimates can be defined as climates at the scale at which animals and plants experience 
them, i.e. generally a scale of millimetres to metres. Microclimates are determined by a 
range of factors in addition to macroclimate, including topography – particularly aspect and 
slope of the terrain – as well as soil type, hydrology, and vegetation structure, with 
macroclimate and vegetation structure in particular subject to annual and seasonal 
variations (Suggitt et al. 2011). Microclimates are of central importance to insect juvenile 
development and adult activity, and direct or indirect effects on microclimates are one of the 
key mechanisms by which changes and variability in climate and land use affect insect 
populations. An understanding of these mechanisms, and of interspecific differences in 
microclimatic requirements, is therefore essential for elucidating variations between species 
in responses to environmental change.  
As ectothermic organisms, insects largely rely on environmental warmth for their 
metabolism and development, although many species can vary their body temperature from 
ambient conditions through thermoregulation to some extent (see below). Insect metabolic 
rates generally increase with body temperature, between a species-specific physiological 
minimum and maximum (Gullan and Cranston 1994). Completion of juvenile development 
from egg to adult requires a species-specific sum of “biologically useful” warmth within this 
temperature range, often expressed in units of growing degree days (McMaster and Wilhelm 
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1997). The speed of juvenile development may accordingly vary significantly with the local 
microclimate, being quicker in locations and years where the required temperature sums are 
delivered in a shorter time and species unable to complete development where / when the 
required sums are not reached. For example, development times from hatching to adult 
were nearly three times longer for two species of grasshopper widely distributed in Britain 
(Field Grasshopper Chorthippus brunneus and Common Green Grasshopper Omocestus 
viridulus) when reared at 25°C (about 8 weeks) compared to 35°C (about 3 weeks), and 
neither species was able to complete development at 20°C (Willott and Hassall 1998). 
Importantly, juvenile survival rates tend to increase significantly with decreasing 
development times, for example due to reduced losses to predation (Richards and Waloff 
1954, Ingrisch and Köhler 1998). 
Adult metabolism is similarly affected by temperatures. For example, females may be able to 
lay eggs in quicker succession, and a greater number overall, at higher temperatures (Willott 
and Hassall 1998). Apart from increased survival (see above), conditions experienced during 
juvenile development may also have additional lagged effects on adult fitness, for example 
nymphs developing under warmer conditions tend to produce heavier adults in several 
grasshopper species, which in turn are significantly more fecund (Richards and Waloff 1954, 
Willott and Hassall 1998). Where / when warmer temperatures prevail during both juvenile 
development and the period of adult reproduction, therefore, the combined effects on 
fitness can be very large. For example, when four grasshopper species that occur in Britain 
were kept from hatching to dying under two different temperatures of 30°C and 35°C, 
overall fitness at the lower temperature was reduced by between 27% (O. viridulus) and 88% 
(Stripe-winged Grasshopper Stenobothrus lineatus) (Willott and Hassall 1998). These results 
also highlight large interspecific differences in sensitivity to temperatures.  
In broad terms, therefore, climatic warming is likely to extend the cold range margins of 
insect species, and to speed up development and increase survival, abundances and fitness 
within their existing ranges, and effects are likely to vary from year to year depending on 
variations in weather conditions and their seasonal timing.  
In addition to warmth, microclimatic humidity is also important for insects, and for many 
species the egg and juvenile stages are particularly sensitive to direct desiccation (Ingrisch 
and Köhler 1998). At the same time, increased humidity may cool microclimates through 
increased evaporation, so a consideration of both warmth and humidity is likely to be 
important. Nevertheless, effects of humidity have rarely been considered in studies of 
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climate change impacts on insects (Bale et al. 2002, Morecroft and Speakman 2015) (chapter 
4). 
 
1.5.1.2 Thermoregulation 
Many insects are able to vary their body temperature from ambient conditions to some 
extent through physiological and / or behavioural thermoregulation. The former includes 
raising body temperatures through contraction of flight muscles (vibrating the wings) prior to 
take-off (Gullan and Cranston 1994). Orthoptera do not seem to be able to generate much 
heat physiologically, and behavioural thermoregulation is their main means of varying 
temperatures from environmental conditions (Benton 2012). Thermoregulatory behaviours 
include basking by moving into direct sunlight, orienting the body perpendicular to the sun 
and positioning legs and wings so as to maximise exposure of the body. To avoid 
overheating, insects may raise their body off the ground on stretched legs, or seek shade and 
cooler microclimates by retreating to taller vegetation, if available in sufficient proximity. 
Some butterflies and locusts also prevent overheating during flight by alternating between 
active flight and gliding (Gullan and Cranston 1994, Benton 2012).  
There are large interspecific differences in thermoregulatory ability. A field study comparing 
four species of grasshopper in Britain, C. brunneus, O. viridulus, S. lineatus and Mottled 
Grasshopper Myrmeleotettix maculatus, found that at low ambient temperatures the former 
two were able to raise their body temperatures more than the latter two. For example, at 
ambient microclimatic temperatures of 15 to 19.9°C, C. brunneus achieved a mean elevation 
of body temperature over ambient of over 7°C, but M. maculatus of less than 3°C. On the 
other hand, at high ambient microclimatic temperatures of 35 to 39.9°C, O. viridulus was less 
able to reduce heat uptake than the other three species, with mean elevations of 4.2°C, 
compared to less than 1°C for the others. Given that temperatures only slightly above the 
physiological optimum of 35 to 40°C for all these species can be lethal, O. viridulus may 
therefore be at risk of overheating where microclimates can reach such temperatures. 
Overall, therefore, thermoregulatory ability enables C. brunneus and O. viridulus to occupy 
cooler microclimates than the other two species, but restricts O. viridulus at the warm end of 
the spectrum (Willott 1997). 
The immobile life stages of insects, particularly eggs, are not able to thermoregulate 
behaviourally and are therefore more directly dependent on ambient microclimatic 
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conditions. Adult insects may vary oviposition sites to some extent depending on prevailing 
microclimates at the time of oviposition (Merrill et al. 2008), but eggs are then dependent on 
ambient conditions until they hatch. Oviposition sites and microclimatic requirements of 
eggs are therefore likely to be important determinants of habitat suitability for many species 
(Ingrisch and Köhler 1998). In addition, the variability and sequence of seasonal weather 
patterns from one year to the next is likely to potentially affect species. 
 
1.5.1.3 Vegetation structure 
Short vegetation produces significantly greater microclimatic extremes – heating up more 
quickly and reaching greater maxima, but also cooling down more quickly and reaching lower 
minima – than taller vegetation, which buffers microclimates (Suggitt et al. 2011). In 
addition, taller vegetation tends to create more humid microclimates through increased 
evaporation and reduced airflow. 
Shorter vegetation therefore typically creates microclimates that deliver greater annual sums 
of biologically useful warmth (section 1.5.1.1). Species’ microclimatic requirements and 
thermoregulatory ability may consequently restrict them to particular vegetation structures 
(Willott 1997, Thomas et al. 2009). Where species are warmth-limited (for example near 
their cold range margins), macroclimatic warming may therefore create warmer 
microclimates in taller vegetation than was previously occupied, with effects modulated by 
annual variability in weather conditions. There is evidence for several species that, 
concurrent with recent climatic warming, they have begun to utilise habitats with 
microclimates that were previously too cool, e.g. taller vegetation (Pateman et al. 2012), or 
cooler topographic aspects (Davies et al. 2006). Similarly, greater proportions of butterfly 
individuals were found in cooler, closed habitats in hotter years and regions, compared to 
cooler years and regions (Suggitt et al. 2012). 
Vegetation structure, in turn, may be strongly influenced by land use as well as 
macroclimate, particularly the balance of precipitation and warmth, and their seasonal 
timing (Carey et al. 2008, Parton et al. 2012). Increases in vegetation height through climatic 
or land use changes may lead to locally cooler microclimates, despite concurrent 
macroclimatic warming (Wallisdevries and Van Swaay 2006). Similarly, macroclimatic 
regional or seasonal drought, or changes in hydrology or soil moisture may lead to regionally 
and / or seasonally hotter and more extreme microclimates by stunting vegetation growth. 
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1.5.1.4 Conclusions 
Information about interspecific differences in microclimatic requirements helps to 
understand variations between species in their responses to environmental change. 
However, while microclimatic requirements and thermoregulatory ability of many insect 
species are becoming better understood, standardised measurements are still rarely 
available across entire species groups. Therefore, inclusion of proxies for species’ 
microclimatic requirements in analyses, such as position of the northern range margin, 
preferred vegetation structure, and habitat specificity may help to explain differences 
between species. Microclimates themselves are determined by a complex interplay of 
factors including macroclimate (temperature, precipitation), land use, hydrology, and 
vegetation structure, and detailed measurements of microclimates are not usually available 
at large scales. They are therefore still challenging to include in large-scale analyses of effects 
of environmental change. Where possible, measurements of the main factors influencing 
microclimates, or proxies for them, are likely to be important to include in analyses, for 
example macroclimatic temperature and precipitation, or measures of changes in vegetation 
height, management intensity, or nutrient deposition. Yet, as indicated in the previous 
section, few studies have considered effects of precipitation. Similarly, annual variability and 
seasonal timing of weather conditions is likely to be important, but most studies have only 
considered trends in long-term means.  
Variations in local and seasonal microclimates through changes in macroclimate and land use 
may lead species to move from current habitats to new ones – in order to escape 
deteriorating conditions and / or utilise developing opportunities. Species’ ability to disperse 
through the landscape will influence their overall distributional responses to environmental 
changes. Influences of climate and land use change on the dispersal process will be discussed 
in the next sections. 
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1.5.2 Dispersal 
Dispersal is a fundamental process influencing species’ ability to respond to environmental 
changes by changing their distributions. Investigations of interspecific differences in dispersal 
ability and dispersal processes, and how they are affected by changes in climate and land use 
may therefore elucidate variations in responses to these drivers. 
The dispersal process can be subdivided into three phases: emigration, transition and 
settlement (Clobert et al. 2012); the first two are discussed here, and settlement in the next 
section (1.5.3). Emigration is likely to be dependent on population density in many cases, 
affecting both the potential propagule size (number of individuals available to emigrate) and 
the individual-level propensity to disperse (Travis and Dytham 2012). For example, a majority 
of studies of wing-dimorphic Orthoptera have found a positive association between 
population densities and development of long-winged, dispersive individuals (macropters) 
(Ingrisch and Köhler 1998, Behrens and Fartmann 2004, Poniatowski and Fartmann 2011c). 
Similarly, a study of butterfly abundances and distributions showed that stable or increasing 
abundances are a precondition for range expansions (Mair et al. 2014), and another study 
found higher rates of emigration from plots with experimentally raised butterfly densities 
than from lower-density plots (Enfjäll and Leimar 2005). On the other hand, negatively 
density-dependent dispersal has also been observed in some studies (Kuussaari et al. 1996, 
Simmons and Thomas 2004). Evolutionary reasons for both scenarios have been proposed, 
such as avoidance of intraspecific competition and of inbreeding leading to emigration from 
high-density populations; and conspecific attraction, in order to increase the chances of 
mating, leading to emigration particularly from very low-density populations and 
immigration to higher-density populations. Conspecific attraction could also stem from 
higher densities reflecting higher underlying habitat quality (Hanski 1999, Enfjäll and Leimar 
2005). Effects of environmental changes on population densities are therefore important to 
consider in studies of range changes where such data is available or can be collected. No 
abundance data are currently available for Orthoptera in Britain at large scales, and 
collection of such data in future would greatly enhance opportunities for such research 
(chapter 5). 
There is no doubt that many insects are very effective dispersers, as the annual observations 
of migrant insect species which have crossed seas or mountain chains indicate. However, 
direct investigations of the transition (movement) phase of insect dispersal are still 
technologically challenging due to the difficulty of tracking individuals over large distances 
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and it is therefore hard to investigate differences between species directly. Tethered flight 
experiments have measured potential dispersal ability of moths and documented significant 
interspecific differences (Jones et al. 2016). Other studies have used proxies for dispersal, 
such as the frequency with which insects cross habitat boundaries, to assess dispersive 
potential, and have also observed significant differences between species (Haddad and 
Kingsolver 1999, Kallioniemi et al. 2014). For Orthoptera, mark-release-recapture studies 
have observed dispersal distances up to several hundred meters, and significant differences 
between species (Ingrisch and Köhler 1998). However, this method is suited to detecting 
dispersal events up to a few hundred meters at most. Other methods have inferred much 
larger potential dispersal distances, for example investigation of the genetic similarity of 
macropterous males of M. roeselii to surrounding source populations suggested mean 
dispersal distances of 8.0 ± 1.3 km (Hochkirch and Damerau 2009). Similarly, flight tunnel 
experiments showed that macropters of C. discolor flew 12.3 ± 2.1 km to exhaustion in a 
single sitting (Simmons and Thomas 2004). Comparable measurements do not exist for most 
species, and for comparative analyses of whole species groups, proxies for dispersal ability 
such as wing load have to be used (Hill et al. 1999). For example, a study of distributional 
changes in British butterflies between 1970 and 1999 found that a mobility index (and 
habitat specificity, with which it was highly correlated) was an important predictor of 
whether species’ distributions had expanded or contracted (Warren et al. 2001). 
Apart from species’ dispersal ability, environmental factors may also influence actual 
dispersal distances. As with dispersal distances, direct investigations of how environmental 
factors affect dispersal of different insect species are challenging due to the difficulty of 
tracking dispersing insects, and have not often been attempted. A detailed study of 
immigration of Diamond-backed moths Plutella xylostella into Britain in 2000, using vertical-
looking radar, high altitude aerial netting, and light traps, suggested that the moths flew 
from continental Europe during a period of particularly warm nights with following easterly 
winds, and at heights above ground corresponding to warm layers of air on the nights in 
question (Chapman et al. 2002). Such direct investigations require a large technological 
effort, which few other studies have attempted, or they have only considered short 
movement distances. For example, daily movement distances of grasshoppers through a 
field were found to depend strongly on maximum daily temperatures during the adult period 
(Walters et al. 2006). More generally, insect flight activity is known to be strongly influenced 
by ambient temperatures (Pollard 1977, Uvarov 1977). However, as stated in the previous 
sections, most studies investigating the role of environmental factors in distributional 
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changes have only considered changes in mean climatic conditions, not their annual or 
seasonal variability (Henry et al. 2014). Wing-dimorphic insects are a useful study system in 
this context, because environmental effects on development of macropters can be 
investigated. These can then be taken as a proxy for impacts on dispersal distances, because 
macropters are known to be capable of significantly greater dispersal distances than 
brachypters. For example, in the above-mentioned flight tunnel experiment, the distance 
that macropters flew (12.3 ± 2.1 km) was three orders of magnitude greater than the 
distance for brachypters (0.02 ± 0.01 km) (Simmons and Thomas 2004).  
 
This section has highlighted the importance of understanding factors which influence the 
dispersal process of species in order to understand interspecific differences in responses to 
environmental change: environmental effects on population abundances, which may 
increase emigration; species’ dispersal abilities; and environmental factors affecting the 
transition phase. In turn, the dispersal distances required for successful expansion of a 
species depend on the spatial arrangement of suitable habitat, and suitability of habitats for 
the third phase of dispersal – colonisation – depends on the requirements of each species, 
and may vary with environmental conditions, such as climate. These factors are the subject 
of the next section. 
 
1.5.3 Habitat fragmentation, colonisations and extinctions 
Recent history has seen the loss and fragmentation of many habitats, and populations of 
associated species, due to land use changes and, particularly at warm range margins, climatic 
changes (sections 1.2.3 and 1.4.2). The ability of species to expand or shift their distributions 
in fragmented landscapes depends on the balance between their dispersal ability and the 
distances between suitable habitat patches: only if species are sufficiently mobile, or 
generalist in their habitat requirements, or both, are they able to spread successfully 
through the landscape. At the same time, poor dispersers and habitat specialists may not be 
able to expand their distributions, if distances between suitable habitat patches are too large 
for successful colonisation – even if climatic warming is making patches suitable for 
occupation beyond the current distributions. Such a combination of the effects of 
simultaneous land use and climate change is consistent with the observation that in Britain, 
distributions of most habitat specialist butterflies have shrunk significantly between 1970 
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and 1999, while half of the mobile habitat generalists have expanded their ranges (Warren et 
al. 2001, Fox et al. 2015). Even where species are able to expand, habitat availability may 
limit the rate of spread: a study of the Speckled Wood butterfly Pararge aegeria, found that 
expansion rates were significantly greater in a region with more suitable habitat than in 
another region with less habitat, even though the latter was further south (Hill et al. 2001).  
The majority of Orthoptera species in Britain have a northern range margin here, with the 
distributions of only a handful of species reaching the northern edges of Scotland (Haes and 
Harding 1997). Climatic warming over recent decades would therefore be expected to allow 
the majority of species to expand their distributions northwards, yet, while several species 
have done so, there are large variations between species and many have not (Mason et al. 
2015). No studies have so far assessed the factors influencing these interspecific differences 
at a national scale (chapter 3). 
Populations consisting of multiple subpopulations in distinct habitat patches have been 
termed “metapopulations” (Levins 1969, 1970, Hanski 1999). While Levins’ idealised 
metapopulations (with all subpopulations equally liable to periodic extinction and depending 
on each other for long-term persistence) seem to be rare in reality, “mainland-island 
metapopulations” with larger core populations and smaller satellites are commoner, and 
many species with localised habitats show aspects of metapopulation dynamics during 
distributional changes (Harrison 1991). Metapopulation models have proved useful in 
investigating processes of colonisation, extinction and dispersal between subpopulations in 
such fragmented distributions, and suggest that both the total amount of habitat, and the 
degree of fragmentation, are likely to influence persistence of species in the landscape, 
particularly where total amounts of habitat are small. Effects of fragmentation vary between 
species: for species of formerly “land-covering” habitats such as woodlands, effects begin to 
become apparent when habitat cover falls below approximately 20-30% of the landscape, 
but for species of naturally sparse habitats, which are adapted to fragmentation, effects may 
appear only at considerably smaller percentages (Rybicki and Hanski 2013, Hanski 2015). 
Climatic warming may make microclimates in additional habitats suitable, reducing dispersal 
distances between patches of suitable habitat and making the landscape more permeable 
for the species concerned (Davies et al. 2006, Oliver et al. 2009, Pateman et al. 2012). Land 
use change may have a similar effect, for example one study suggests increased availability 
of tall grassland on farmland, due to subsidies encouraging land to be taken out of 
cultivation, was important to the range expansion of a bush-cricket in Britain (Gardiner 
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2009). Studies of colonisation process suggest that “propagule pressure”, i.e. the number of 
colonists arriving, is an important factor for successful settlement (Williamson 1996). 
Numbers of colonists are likely to depend strongly on the degree of habitat fragmentation in 
the landscape, with small, isolated patches of habitat less likely to receive sufficient 
propagules for successful colonisation. 
For other species, particularly habitat specialists, land use change may make fewer habitat 
patches suitable, leading to greater fragmentation and increased distances between habitat 
patches, rendering the landscape less permeable for dispersing individuals (Fox et al. 2014). 
As distributions decline and fragment, individual populations become smaller, making them 
increasingly susceptible to extinction through stochastic environmental disruptions 
(MacArthur and Wilson 1967, Hanski 1999). Stochastic environmental effects have less often 
been considered in the context of colonisations. However, it is likely that annual and 
seasonal variations in environmental conditions affect not only emigration and dispersal, but 
also successful establishment at new sites (chapter 4). 
 
This section has illustrated that the balance between a species’ dispersal ability, its habitat 
requirements, and the spatial distribution of suitable habitats in the landscape determine 
the ability of individuals to move between habitat patches. This includes the colonisation of 
new sites, leading to expansions of distributions, and studies of these factors may therefore 
help to understand interspecific differences in responses to environmental change. However, 
species’ dispersal traits may vary significantly within, as well as between, species (Stevens et 
al. 2010). This may be due to evolutionary processes during range changes, and an 
understanding of these may therefore also help to explain variations in species’ responses. 
Evolutionary processes during range changes are not directly investigated in this thesis, but a 
brief account is given in the next section for context and to aid interpretation of findings.  
 
1.5.4 Evolutionary processes during range changes 
Theoretical models and empirical observations both suggest that evolutionary processes 
occur during sustained range changes (Hill et al. 2011, Travis and Dytham 2012). The 
dispersal process leads to selective breeding of dispersive individuals at newly colonised 
sites. If range expansions are sustained over several generations, this leads to evolution of 
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increased dispersal in a positive feedback loop. For example, a study of two rapidly 
expanding wing-dimorphic bush-crickets in Britain observed greater numbers of dispersive 
macropters at range margin field sites compared to the range core. When reared in the lab 
under common environmental conditions, significantly greater proportions of range margin 
individuals developed into macropters, suggesting a higher propensity for dispersal had 
evolved during the range expansion process. In addition, when tested in a wind tunnel, 
macropters of the Long-winged Conehead Conocephalus discolor reared from range margin 
populations flew significantly further (16.7 ± 2.3 km) than macropters from range core 
populations (4.2 ± 0.8 km) (Thomas et al. 2001, Simmons and Thomas 2004). Altogether, 
therefore, both emigration rates and dispersal distances had increased through evolution 
during the range expansion process. The study also found strong trade-offs between 
dispersal and reproduction, with macropters producing significantly fewer eggs and smaller 
spermatophores than brachypters, providing a likely evolutionary explanation for the 
observation that the changes towards increased dispersal are reversed within 5-10 years of 
colonisation of a site. Evidence for comparable evolutionary changes of flight morphology or 
dispersiveness has also been found for butterflies (Hill et al. 1999, Hanski et al. 2002) and 
damselflies (Hassall et al. 2009). Dispersal ability may therefore change within species over 
time and space. 
Among butterflies, positive correlations between dispersal ability and habitat generalism 
have been observed, with generalists being mobile, and the majority of habitat specialists 
having low dispersal abilities (Haddad and Kingsolver 1999, Warren et al. 2001). It is likely 
that this correlation is at least partly adaptive in a fragmented landscape, because for habitat 
specialists to leave patches of suitable habitat is more risky, as the chances of finding 
another suitable patch may be low, while for generalists the risks are lower and 
opportunities may be greater (Mair et al. 2015). For habitat specialists, this may be a vicious 
circle in fragmented landscapes, with spatial isolation of habitat patches selecting against 
dispersal, leading to increasing genetic isolation (Saccheri et al. 1998). On the other hand, 
there is evidence that in some cases climatic warming can facilitate evolution of wider 
habitat tolerances and changes in host plant preference (Pateman et al. 2012). 
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1.6 Citizen science for distribution data 
The above review indicates the importance of long-term, large-scale monitoring data of 
insect distributions and abundances in understanding effects of climate and land use change 
on species. A successful, and arguably the only practical, way to collect such data is with the 
help of volunteers – an approach now often referred to as “citizen science”. This section 
briefly reviews the suitability of citizen science for biological recording, its strengths and 
weaknesses in providing data for scientific use, and the current availability of large scale 
datasets in Britain. 
 
1.6.1 Participation and motivations 
Biological recording by naturalists has a long history, and has informed scientific research for 
many generations. Now often referred to as “citizen science”, such recording by volunteers 
has proved very effective: many of the most important long-term datasets have been 
created in this way, and specimens collected by naturalists have contributed significantly to 
many museum collections (Miller-Rushing et al. 2012). In Britain, biological recording has a 
particularly strong tradition, and has grown from the time of John Ray, whose catalogue of 
the plants of Cambridgeshire was published in 1660 (Oswald and Preston 2011), to the 
present day, with over 200 million records publically available on the National Biodiversity 
Network Atlas (National Biodiversity Network 2017).  
There seem to be several reasons why voluntary biological recording attracts such a 
dedicated following and can be so effective for large-scale monitoring projects. Most 
importantly perhaps, it is simply an enjoyable way for many people to engage with the 
natural world and with the species they love (Tweddle et al. 2012). For many species groups 
and projects, contributors from a basic level of expertise upwards can make useful 
contributions, and recording is a means for participants to find out and learn more about the 
species in question, and for people concerned about changes in the natural world to get 
involved in its study and conservation, while gaining insights into research processes (Bonney 
et al. 2009, Miller-Rushing et al. 2012). From the point of view of funders and those who 
need and use the collected data, such as research organisations, government conservation 
bodies, planning departments, and conservation charities, citizen science can be a cost-
effective way to achieve a wide coverage of data collection over large areas and long time 
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periods, which would be unaffordable without the involvement of volunteers. The value of 
the time spent by volunteers in Britain on structured biological surveys alone is 
conservatively estimated at £8.6 million per year – many times more than the funding 
invested in running the surveys (National Biodiversity Network 2015). Globally, annual in-
kind contributions by volunteers to biodiversity citizen science projects are conservatively 
estimated at between $667 million and $2.5 billion (Theobald et al. 2015). 
Despite concerns that interest in the natural world is declining through processes like 
increasing urbanisation, volunteer support for biological recording remains strong. In fact, 
increasing leisure, mobility and incomes over the second half of the 20th century as well as 
increasing human population numbers generally are likely to have contributed to observed 
increases in participation in many citizen science projects (Miller-Rushing et al. 2012, Preston 
et al. 2012). Technological developments in communications and computing have made the 
collection, sharing and analysis of records easier and have created new opportunities, such 
as the use of sensors during record collection, quick feedback, and automated support for 
record validation (Silvertown 2009, August et al. 2015a). 
 
1.6.2 Biases and analysis of citizen science data 
Scientific use of biological recording data has a long tradition, ranging from Charles Darwin’s 
examination of patterns of Vice County distribution records of plants in the “Origin of 
Species” (Darwin 1859) to recent investigations of climate change impacts on the natural 
world (IPCC 2014), and assessments of species threat statuses (Mace et al. 2008, IUCN 2012). 
Citizen science projects vary widely in the scientific rigour of data collection, from 
unstructured collection of single observations by the public to structured monitoring of 
species with a standard protocol and repeat visits by trained naturalists (Preston et al. 2012, 
Pocock et al. 2017). In addition, in long-term projects methods of data collection, sharing and 
storage may change considerably over time (Preston et al. 2012). The unstructured nature of 
recording in many projects, changes in recorder behaviour over time, and changes in 
technologies for recording and data processing, mean that data collected by many citizen 
science projects are subject to multiple biases, such as variation in recording effort over time 
and space (Isaac et al. 2014, Isaac and Pocock 2015). These biases have to be taken into 
account during data analysis, and a range of statistical methods have been developed for this 
purpose, which make different assumptions about recorder behaviour and account for them 
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accordingly (Isaac et al. 2014). A thorough understanding of a project’s history and the 
evolution of its data collection protocols is important for identifying biases, selecting 
appropriate methods for data analysis, and setting up analyses in ways which ensure that the 
assumptions made are likely to be met (this is explored in more detail in chapter 2 of this 
thesis). 
Citizen science projects need to strike a balance between the interests of volunteers and 
users of the data, and there is often an associated trade-off between the quantity and 
quality of the data collected. For example, opportunistic recording of distributions has the 
advantage of being non-prescriptive, allowing recorders to record what and where they like, 
and expending as much or as little time as they choose. As such it is very popular, and 
therefore often achieves greater participation than highly structured and prescriptive survey 
methodologies (Preston et al. 2012, Tweddle et al. 2012). Where sampling protocols are 
prescriptive and rigorous, the data collected is likely to be of higher quality, but projects may 
achieve smaller sample sizes and more limited spatial and temporal coverage, reducing the 
likelihood of the data being put to scientific use (Stanbury et al. 2015, Theobald et al. 2015). 
Increases in computing power and developments in statistics increasingly allow analysis of 
larger and less standardised datasets, and it is also becoming possible to combine analysis of 
structured and unstructured datasets (Pagel et al. 2014, August et al. 2015a). Nevertheless, 
the degree of standardisation of record collection remains an important consideration in 
citizen science projects. 
 
1.6.3 Data availability 
While species-richness makes insects suitable for comparative studies of impacts of 
environmental change (section 1.3.1), it also poses problems for monitoring, and few insect 
groups have detailed monitoring data for whole regions and long time periods (Thomas 
2005). Britain is one of the best-surveyed regions globally, and unstructured distribution data 
have been collected here for a range of insect groups for several decades, at least at coarse 
spatial and temporal scales (Roy et al. 2014). Very few insect groups have systematic, 
detailed abundance monitoring data at large spatial and temporal scales. Among the 
exceptions are butterflies and moths in Britain (Rothamsted Insect Survey 2017, UK Butterfly 
Monitoring Scheme 2017), and those groups for which such data are available have proved 
extremely fruitful for research into species’ responses to environmental changes. 
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Distributions of grasshoppers and crickets have been monitored in Britain by a dedicated 
recording scheme since 1968 (Marshall and Haes 1988). Recording is unstructured, and has 
aimed at national coverage at a 10km square resolution for the purposes of national atlases, 
and at finer resolutions for county atlases (chapter 2). There is no standardised abundance 
monitoring data for Orthoptera at large scales, and currently no standard protocol for 
collecting such data (chapter 5).  
 
1.6.4 Conclusion 
The involvement of volunteers in the collection of biological records has proved effective for 
monitoring species distributions over large areas and long time periods. In order to be 
inclusive and achieve wide participation, many citizen science projects have loose data 
collection protocols with limited standardisation, leading to biases in the datasets, which 
need to be taken into account during analysis. Statistical methods for analysis of such data 
have been improving. However, appropriate methods need to be selected for each dataset, 
and a thorough understanding of a project’s data collection processes is important in order 
to ensure that the assumptions made by each method are heeded.  
Britain has a strong tradition of biological recording, and distributions of many insect groups 
have been recorded over several decades. However, scientific analysis has tended to focus 
on only a few groups with the best data, particularly butterflies and moths. A long-term 
recording scheme has monitored distributions of Orthoptera in Britain since 1968, but few 
studies have analysed the data in detail to date and these have been limited to a few species 
or regions (Simmons 2003, Gardiner 2009, Cherrill 2010). This is beginning to change (Eaton 
et al. 2015, Oliver et al. 2015a, Hayhow et al. 2016). Nevertheless, there is an opportunity to 
analyse existing Orthoptera data more, and to consider development of abundance 
monitoring for this popular group. 
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1.7 Thesis: aims, main questions and layout 
Climatic and land use change are affecting the distributions of species in many regions and 
habitats, and are set to continue doing so throughout this century and beyond. A detailed 
understanding of species’ responses is critical for conservation and adaptation planning, but 
many interspecific differences in range changes remain unexplained. Studies of climatic 
impacts have tended to investigate mean changes in climate, disregarding annual variability. 
As ectothermic insects of open habitats, Orthoptera are a sensitive study system for the 
effects of climatic and land use changes. They can constitute a large proportion of insect 
biomass, giving them particular significance for conservation. The Orthopteran species in 
Britain have a variety of biological and ecological traits, and include several wing-dimorphic 
species, making dispersive individuals easily identified in the field; they are therefore a 
particularly suitable taxonomic group for investigating distributional changes. The first main 
aim of this thesis is to investigate interspecific differences in recent range changes of 
Orthoptera in Britain, and the effects of climatic change and climatic variability on the 
pattern and process of dispersal and colonisation of two rapidly expanding species. 
Britain has a remarkable tradition of biological recording by volunteers, allowing changes in 
distributions of multiple taxonomic groups to be studied over large areas and long periods of 
time. Methods of recording, archiving and analysing the data have changed considerably 
over time, including through technological developments. The second main goal of this thesis 
is to review and evaluate the available Orthoptera recording data in Britain, and the scope 
for development and expansion of Orthoptera monitoring in future in order to maximise its 
usefulness for conservation and research.  
Based on these two aims, the PhD project addresses the following specific questions: 
1)  Inter- and intraspecific variability in responses to climate and land use change: 
 What distribution changes have occurred over recent decades for Orthopteran species, 
and which life history, resource use, dispersal and distributional traits are important in 
explaining them? What implications do the inferred relationships have for future 
predicted range changes in this and other taxonomic groups? 
 What are the annual colonisation rates of the two most rapidly expanding species, and 
how are they affected by seasonal weather conditions? Does seasonal weather affect 
the rates of long-wingedness in these species (the main mechanism for dispersal)? 
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2)  Evaluation and scope for development of Orthoptera recording for research purposes: 
 How have Orthoptera distributions been monitored in Britain over recent decades? 
What are the characteristics and biases of the data produced and how can they be 
analysed to assess trends in distributions? 
 What would be a suitable method for structured abundance and site monitoring of 
Orthoptera by volunteers? How many participants would such a monitoring scheme 
need in order to detect given levels of abundance change?  
The thesis is structured as follows: Chapter 2 critically reviews the Orthoptera Recording 
Scheme and its data, and methods for analysis of trends in distribution. Chapter 3 employs 
one of these methods to calculate distribution trends for all Orthopteran species in Britain, 
and links them to biological traits to understand whether traits affect species’ responses to 
climate and land use change. Following on from this, Chapter 4 assesses the influence of 
seasonal weather on the process of dispersal and colonisation of the two most rapidly 
expanding species. These two species display wing-length dimorphism, and field counts of 
dispersive individuals at sites near the expanding range margins over five years were also 
used in this analysis. In light of limitations of current Orthoptera recording data for 
answering the kinds of ecological questions set out in Chapters 3 and 4, Chapter 5 assesses 
the feasibility of structured Orthoptera abundance and site monitoring by volunteers, with a 
view to improving data quality for, and the potential scope of, a broad range of future 
research. The final Chapter 6 discusses the findings of this thesis together and explores ideas 
for further research. 
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2. Critical overview of Orthoptera Recording Scheme data 
 
2.1 Abstract 
The Orthoptera and Related Species Recording Scheme has been monitoring distributions of 
grasshoppers, crickets and related insects in Britain and Ireland since 1968 and has built up a 
large database of records. This PhD project analyses these data to investigate interspecific 
differences in species’ responses to environmental changes over recent decades. This 
chapter provides an overview of the Scheme’s evolution and critically reviews its data 
collection and collation processes, including associated biases in the data. Three statistical 
methods developed to extract distribution trends from data of this type, while taking into 
account the multiple associated biases, are applied to the scheme’s data and compared. 
 
Recording is mostly carried out by volunteers, and is generally unstructured and “presence 
only”, with no explicit measure of recording effort and no recording of “absences”, although 
five national, and over thirty county, atlases have attempted to compile comprehensive 
distributional information at different spatial scales, and at temporal scales of several years 
or decades. Traditional recording on paper cards has gradually given way to digital, online, 
and – increasingly – mobile, systems, with concurrent increases in the spatial and temporal 
precision of records. Accessible, high quality identification resources have become 
increasingly available, and digital systems facilitate quality control of records by scheme 
coordinators and feedback to recorders. Numbers of records received by the scheme have 
increased significantly over time, with large regional variations.  
 
Example distribution trends were calculated with three statistical methods developed for 
unstructured data of this type, a “relative range change index”, and “reporting rate” and 
“occupancy detection” models. The assumptions made by each method are spelled out and 
consideration is given to how analyses can be set up in order to meet them. When the three 
methods are applied to the data and interpreted with care, results of all three are similar. 
The relative range change index is suitable for the largest range of data quality and quantity 
and therefore applicable to the largest number of species, but has limited statistical power; 
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occupancy detection models are the most robust and powerful measure but require a higher 
quality and quantity of records than the range change index.1 
 
 
2.2 Scope and operation of the recording scheme 
This section reviews the evolution of the Orthoptera recording scheme’s scope and 
operation, in order to understand the structure and biases of its data and appropriate 
methods for data analysis, which are explored in the subsequent sections. 
 
2.2.1 Establishment, coordination and volunteer basis 
The Orthoptera Recording Scheme was launched in 1968 at the Biological Records Centre 
(BRC) with the aim of mapping and monitoring the distributions of Orthoptera and related 
orders in Britain and Ireland at a 10x10km grid square resolution. The majority of records are 
field observations from volunteer recorders, and additional records are collated from other 
sources such as publications and museum collections. For the first ten years the scheme was 
run directly from BRC, before being devolved as a separate entity in 1977, like other national 
recording schemes, but BRC has continued to support the scheme and host its data holdings 
throughout. The scheme has been coordinated nationally by John Heath and Michael Skelton 
(1968-77, at BRC), Chris Haes (1977-95), John Widgery (1996-2002), Peter Sutton (2003-
                                                             
1 The author has been joint coordinator of the Orthoptera recording scheme since 2008 and 
has contributed to the following aspects of the scheme discussed in this chapter: iRecord 
Grasshoppers app (conception of idea, applications for funding, sourcing and preparation of 
most contents, oversight of project); data collation (63,135 records in 62 datasets); online 
verification of records (9,568 records);  communication with recorders (minimum approx. 
2,000 emails; creation of scheme email contacts list);  recruitment of county recorders;  
newsletters (all contents 2013 issues, majority of contents 2014-16 issues);  identification 
literature (downloadable guides to common species);  identification courses or talks (6 
events);  scheme social media (setting up and running scheme Twitter account; Facebook 
posts on entomological groups);  scheme website (contribution to creation of initial contents 
in 2008; majority of contents and contribution to maintenance 2009-17);  annual Royal 
Entomological Society Orthoptera Special Interest Group meetings (convenor since 2013). 
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present) and Björn Beckmann (2008-present, at BRC). National coordinators have been 
supported by “county recorders” coordinating recording for Orthoptera in many counties, 
often in association with Local Environmental Record Centres.  
 
2.2.2 The British and Irish species 
There are currently 30 Orthopteran species established in the wild in Britain: 11 bush-
crickets (Tettigoniidae), 5 crickets (Grylloidea), 3 groundhoppers (Tetrigidae) and 11 
grasshoppers (Acrididae). 13 of these are established in Ireland, and 19 plus a further two 
species of grasshopper in the Channel Islands (Table 2.1). In addition, the recording scheme 
covers related insect orders: in Britain there are currently 3 species of earwig (Dermaptera) 
established in the wild, 4 cockroaches (Dictyoptera), and 3 stick-insects (Phasmida) (not 
included in Table 2.1). Apart from species established in the wild, there are occasional 
records of several introduced or migratory species which only survive for a limited time, or 
only indoors, and do not currently have established populations in the wild (not included in 
Table 2.1). 
 
  
Chapter 2 – Critical overview of Orthoptera Recording Scheme data 
43 
Table 2.1:  Orthopteran species established in the wild in Britain, Ireland and the Channel 
Isles 
Species 
group 
Family Species Common Name 
established in 
B
ri
ta
in
 
Ir
e
la
n
d
 
C
h
an
n
e
l 
Is
le
s 
Bush-
crickets 
Tettigoniidae 
Meconema thalassinum Oak Bush-Cricket x x x 
Meconema meridionale Southern Oak Bush-Cricket x1 x1  
Tettigonia viridissima Great Green Bush-Cricket x  x 
Decticus verrucivorus Wartbiter x   
Pholidoptera griseoaptera Dark Bush-Cricket x x x 
Platycleis albopunctata Grey Bush-Cricket x  x 
Metrioptera brachyptera Bog Bush-Cricket x   
Metrioptera roeselii Roesel’s Bush-Cricket x x x 
Conocephalus discolor Long-winged Conehead x  x 
Conocephalus dorsalis Short-winged Conehead x x x 
Phaneroptera falcata Sickle-bearing Bush-Cricket x2   
Leptophyes punctatissima Speckled Bush-Cricket x x x 
Crickets 
Gryllidae 
Gryllus campestris Field Cricket x  x 
Nemobius sylvestris Wood Cricket x  x 
Oecanthus pellucens Tree Cricket x3  x3 
Mogoplistidae Pseudomogoplistes vicentae Scaly Cricket x  x 
Gryllotalpidae Gryllotalpa gryllotalpa Mole Cricket x  x 
Ground-
hoppers 
Tetrigidae 
Tetrix ceperoi Cepero’s Groundhopper x  x 
Tetrix subulata Slender Groundhopper x x x 
Tetrix undulata Common Groundhopper x x x 
Grass-
hoppers 
Acrididae 
Oedipoda caerulescens Blue-winged Grasshopper   x 
Stethophyma grossum Large Marsh Grasshopper x x  
Stenobothrus lineatus Stripe-winged Grasshopper x   
Stenobothrus stigmaticus Lesser Mottled Grasshopper x4   
Omocestus rufipes Woodland Grasshopper x   
Omocestus viridulus Common Green Grasshopper x x  
Chorthippus brunneus Field Grasshopper x x x 
Chorthippus vagans Heath Grasshopper x  x 
Chorthippus parallelus Meadow Grasshopper x  x 
Chorthippus albomarginatus Lesser Marsh Grasshopper x x  
Euchorthippus elegantulus Jersey Grasshopper   x 
Gomphocerippus rufus Rufous Grasshopper x   
Myrmeleotettix maculatus Mottled Grasshopper x x  
1 temperate European species, established in Britain since ca. 2001, in Ireland since ca. 2008 
2 temperate Eurasian species, established in Britain since ca. 2015 
3 southern-temperate Eurosiberian species, established in Britain since ca. 2014, in the Channel Isles 
since ca. 2010 
4 Isle of Man only 
 
The highest Orthopteran species richness occurs in the south and east of Britain, with over 
10 species recorded per hectad in many areas, reaching 25 species in the most diverse 
square. There is a strong negative gradient in species richness towards the north (and west) 
of Britain, with most species reaching their northern distributional limit somewhere within 
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Britain, and only four species occurring in the northern parts of Scotland (Fig. 2.1). This 
pattern is likely to be reinforced to some extent by recording effort, with the highest human 
population and recorder densities in the south-east (see section 2.2.2 below). Recording 
effort in Ireland is very sparse in many areas. 
 
 
Fig. 2.1:  Orthoptera species richness in Britain, Ireland and the Channel Islands.  
Squares are coloured by the number of species recorded per 10x10km square (hectad) in the 
Orthoptera recording scheme database across all years. 
 
2.2.3 Evolution of recording methods 
2.2.3.1 Recording cards 
For the first decades of the recording scheme’s operation most recording was carried out on 
bespoke paper recording cards. These were designed to be used both in the field and 
subsequently stored as an archive. Standard fields allowed entry of location information (grid 
reference, locality name, Watsonian Vice County number, habitat information and altitude), 
visit information (date, recorder name / code), and species presence, which was recorded by 
Chapter 2 – Critical overview of Orthoptera Recording Scheme data 
45 
crossing names off a complete list of species (Fig. 2.2). Historical records were extracted 
from the literature, often assigned to broad time periods of one or two decades (e.g. 1940-
60). Other types of card supplemented these species list cards: single-species cards, used for 
example when extracting records from museum collections, individual record cards for 
important finds such as first records of a species for a county, and general record cards 
(Marshall and Haes 1988).  
Completed cards were archived at BRC, a total of a minimum of ca. 1,900 species-list cards, 
900 single-species cards, 60 individual record cards, and 1,500 general record cards 
(numbers based on card types recorded in current scheme database). In order to process 
data and produce distribution maps, records were transcribed to machine-readable punched 
cards (ca. 3,100), and maps created with a mechanical plotter developed for publication of 
the first “Atlas of the British flora” (Perring and Walters 1962, Preston 2013).  
 
  
Fig. 2.2:  Orthoptera Recording Scheme species-list recording card. 
Chapter 2 – Critical overview of Orthoptera Recording Scheme data 
46 
2.2.3.2 Digital systems 
In 1974 BRC received access to a computer at Monks Wood research station for the first 
time. In order to handle and map records more efficiently, the essential details (species 
name, grid reference, year) began to be digitised, a time-consuming process which continued 
over many subsequent years across many species groups. With the spread of personal 
computers from the 1990s it became increasingly possible for individual recorders to digitise 
their own records. This led to a rapid increase in the number of computerised records, and in 
the amount of detail stored for each record: progressively more accurate dates, grid 
references and record attributes were stored, instead of the bare minimum needed for 
mapping (Preston et al. 2012).  
 
2.2.3.3 Online recording 
The development of the internet led to the next major change with the launch of online 
recording, allowing recorders to enter records directly into a central online database. A 
recording scheme website www.orthoptera.org.uk was created in 2008 at BRC with an online 
recording form, as well as species information. In the online form, date, species name, 
survey method, abundance, life stage and habitat are entered from drop-down lists of 
standard terms, and a spatial reference is set by clicking on a digital map which can be 
zoomed and viewed with a satellite image background, allowing precise pinpointing of the 
sighting. Digital photographs, and since 2015 digital sound files, can be attached directly to 
records to aid verification (Fig. 2.3).  
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Fig. 2.3:  Orthoptera Recording Scheme online recording form.  
The form allows entry of a list of species for a field site with associated attributes, and sound 
recordings and photos to aid verification. It can be found at www.orthoptera.org.uk/survey. 
  
The Orthoptera online recording form submits data to the “iRecord” system maintained by 
BRC, www.brc.ac.uk/irecord. Multiple other websites and surveys feed records into iRecord. 
Unless specified otherwise, records from all sources are available to the recording scheme to 
verify and use with appropriate acknowledgement.  
The recording scheme also receives regular exports of data from another online recording 
system, “iSpot” www.ispotnature.org. iSpot was set up in 2009 and is aimed at users who are 
seeking help with species identifications from other users. iSpot records are verified prior to 
import into the recording scheme database based on associated photos and iSpot’s user 
expertise scores. 
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2.2.3.4 Mobile app 
The advent of mobile technology and the widespread use of smartphones (71% of adults in 
the UK owned a smartphone in early 2016 (Ofcom 2016)) have created an opportunity to 
provide species identification and record submission applications to recorders that are 
conveniently available “on the go”. A mobile app for the Orthoptera Recording Scheme, 
“iRecord Grasshoppers”, was released in August 2015, available free for Android and Apple 
devices. It allows submission of single- and multi-species sightings to the iRecord database. 
The spatial reference can be set from the phone’s network or GPS position, and / or using a 
digital map which can be zoomed and set to display a satellite image background. As with the 
online recording form, photos can be attached directly to records to aid verification. A 
significant update to the app in 2016 added sound recording functionality, allowing users to 
make 30-second uncompressed (.wav file format) sound recordings in the field with their 
phone and attach them to records. The update also includes a heterodyne “bat detector” 
function, which means that the mobile phone can make quiet and high-pitched Orthopteran 
calls up to ca. 22 kHz easier to hear. Records can be uploaded directly in the field or stored 
and uploaded later when internet connectivity is available (Fig. 2.4). 
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Fig. 2.4:  Screenshots of iRecord Grasshoppers app.  
Screenshots of main menu, location setting, audio capture with “bat detector” function, and 
single- and multi-species recording. 
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2.2.4 Data flow and quality control 
Quality control of records is an essential part of all recording schemes. Most records 
submitted to the Orthoptera recording scheme are of high quality in terms of species 
identifications and error rates have generally been low ((Marshall and Haes 1988), and see 
below). New technologies are encouraging a very welcome broadening of participation in 
recording and quality control is becoming increasingly important (Pocock et al. 2015b), not 
only for maintaining high data quality, but also as a valuable tool for providing feedback and 
developing the identification skills and longer-term support of a wider range of participants. 
During the first decades of the recording scheme’s operation, recording cards were sent out 
by BRC to recorders and completed cards returned via national or county recorders. 
Verification of records occurred through communication with recorders. Supporting 
evidence such as photographs and specimens could not be stored directly with records. 
With the advent of personal computers, data flow from recorders to the scheme database 
could be conducted in digital formats throughout, with records sent by recorders to county 
or national coordinators, collated, processed and checked, and imported into the scheme 
database. Database programmes dedicated to biological recording such as “MapMate” and 
“Recorder” improved standardisation of records and allowed quick production of dot maps 
and interrogation of records, facilitating the verification process. They also allowed efficient 
record exchange between users of the same system through synchronisation protocols. 
Record exchange between systems, however, remains prone to introducing errors and 
record duplication, as it requires manual reformatting. 
The development of online recording has allowed record submission, quality control and 
archiving all to be performed within one central database, which can be accessed by multiple 
users with different access permissions, reducing the need for data exchange between 
systems. Fig. 2.5 illustrates the iRecord verification system used by the Orthoptera Recording 
Scheme. Verifiers can review photos and sound recordings attached directly to records, and 
records are displayed in the context of others of the same species so that location and 
phenology can be easily compared. Automatic checks flag up records outside the expected 
distribution and season. Errors can be corrected directly, the recorder asked for additional 
information, or records forwarded to other experts. Once a conclusion is reached, verifiers 
assign one of five verification statuses: “correct”, “considered correct”, “plausible”, “unable 
to verify” or “incorrect”, with records in the first two categories accepted for further use. 
Currently six Orthoptera county recorders are verifying records in their counties, and the 
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scheme is continuously aiming to get additional ones involved; records from remaining 
counties are verified by national coordinators (Table 2.2).  
Out of 10,580 online records assessed by February 2017, the species name was changed for 
186 and a further 41 were rejected altogether, implying an error rate in species identification 
of 2.2%. 
 
 
Fig. 2.5:  Example screenshot of iRecord verification system. 
 
Table 2.2:  Numbers of verified Orthoptera records 2009-16 
verifier active since county no. of records verified 
Hickman, Adrian 2016 Berks, Bucks, Oxon 27 
Williams, David 2015 Shropshire 73 
Carle, Ian 2015 Hertfordshire 97 
Partridge, Rob 2014 Cambridgeshire 67 
Hobbs, Ralph 2014 Sussex 521 
Chesmore, Dave 2012 Yorkshire 227 
Beckmann, Bjorn 2009 all counties 9,568 
 
In 2001 the National Biodiversity Network Gateway was established in order to make records 
for all species groups and from many different providers publically available on the internet. 
The Gateway was replaced by the “NBN Atlas” (https://nbnatlas.org) in April 2017, which 
currently holds over 215 million records, including verified records from many national 
recording schemes such as the Orthoptera. Upload of verified records from iRecord is semi-
automated, allowing it to occur more frequently than previously and thereby enhancing the 
visibility and accessibility of the data for research and conservation purposes.  
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2.2.5 Communication with recorders 
Like other recording schemes, the Orthoptera scheme relies almost exclusively on volunteers 
for record collection, and their time, commitment and knowledge are critical to its 
operation. Effective feedback and communication with recorders are key to motivating, 
retaining and developing volunteers, and are among the top priorities for a recording 
scheme’s success (Pocock et al. 2015a). Motivations of recorders are diverse and can change 
over time as participants become more experienced, and feedback should ideally aim to be 
of relevance to all – from novice recorders to taxonomic experts, and from casual observers 
to keen naturalists, scientists and conservation professionals (Isaac and Pocock 2015).  
Direct communication with individual recorders through letters, or more recently emails, is 
the most personal and effective but also most time-consuming way of providing feedback. 
The iRecord online verification system has made this process more efficient, with a button 
opening up an email to the recorder containing the full record details (Fig. 2.5). In addition, 
recorders are automatically notified of verification decisions, so basic feedback is provided 
for every record at this point. A similar role is performed by a “Latest Images” section on the 
Orthoptera scheme website, where photographs appear once verified. The iRecord home 
page displays photographs of recently entered records, and registered users can explore 
records of all other users. The iRecord Grasshoppers app has an associated summary website 
displaying recent photos and league tables of recorders, species and counties. 
More detailed and formal communication with recorders of the Orthoptera recording 
scheme occurs through scheme newsletters, which provide updates on results of recording 
activities, meetings, publications and other news (Haes 1979-1995, Widgery 1996-2002, 
Beckmann & Sutton 2013-2016, www.orthoptera.org.uk/newsletters) (Fig. 2.6). The “Wildlife 
reports” section of British Wildlife magazine provides similar feedback in a shorter format 
and at more frequent intervals, and it communicates the recording scheme’s activities to a 
wider audience of naturalists (Haes 1990-1995; Widgery 1995-2002; Sutton 2002-2016; 
www.britishwildlife.com). County recorders and Local Record Centres often communicate 
with their networks of naturalists through local publications (e.g. www.rnhs.org.uk/old-
copies-of-fieldfare). 
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Fig. 2.6:  Front page of latest Orthoptera recording scheme newsletter  
(www.orthoptera.org.uk/newsletters). 
 
Social media allows quick, public communication with recorders on the topics of the 
recording scheme, e.g. via Twitter (https://twitter.com/GrasshopperSpot) and Facebook 
(https://www.facebook.com/groups/1638188166466726), and helps to spread information 
about the recording scheme to new audiences. The Twitter feed is also displayed on the 
recording scheme website. 
Occasionally opportunities arise for the recording scheme to feature in the broadcast and 
print media, and these can be valuable in increasing public awareness of the scheme’s 
existence and recruiting new participants. For example, the scheme has recently received 
mentions on the BBC One Show, BBC Radio Oxford, the BBC website, the Times’ ‘weather 
eye’ column and Country Life magazine. 
Since 1980 the annual Orthoptera Special Interest Group meetings of the Royal 
Entomological Society have provided an opportunity for scheme recorders, scientists and 
others to meet and present or listen to talks about Orthoptera research 
(www.royensoc.co.uk/sig/orthoptera.htm). 
  
Chapter 2 – Critical overview of Orthoptera Recording Scheme data 
54 
2.2.6 Identification resources 
2.2.6.1 Museum collections 
Museum collections of specimens have traditionally provided the basis for descriptions and 
identification of species and continue to play an important role particularly in difficult cases 
where the taxonomy is not clear (Gorochov and Marshall 2001, Pinchen 2009). Collections 
may also be useful for identification courses. Important parts of many museum collections 
have been contributed by unpaid biological recorders (Miller-Rushing et al. 2012). 
 
2.2.6.2 Field guides 
For every-day use in the field and for a wider audience, accessible identification guides are a 
key resource, and they are among the top priorities for successful recording of a species 
group and can greatly enhance its profile (Preston et al. 2012, Pocock et al. 2015a). Over 
recent decades, publishing books has become cheaper and more flexible, and with increasing 
availability of high quality digital photographs identification guides have tended to become 
better illustrated and more accessible (Preston et al. 2012).  
Important identification guides for British Orthoptera during the recording scheme’s 
operation have been: (Ragge 1965), with detailed species accounts, illustrations, song 
diagrams and county-level distribution maps; (Marshall and Haes 1988), with a dichotomous 
key, comprehensive species accounts, species illustrations and 10km grid square maps of 
current and historic distributions; (Evans and Edmondson 2007), providing the first full 
photographic key of the British and Irish species and comprehensively illustrating 
characteristics of males and females, adults and young, and different colour forms of all 
species; and (Benton 2012), covering species in greater detail than any of the previous 
publications, and containing a DVD with video clips illustrating songs, egg laying and other 
behaviour of most species. 
For novice recorders, the fold-out chart of grasshoppers and related species published by the 
Field Studies Council in 1999 provides a convenient and inexpensive first identification guide 
(Marshall and Ovenden 1999). 
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2.2.6.3 Online resources 
The internet has made free and instant access to identification guides possible, further 
increasing availability of information beyond specialist audiences. The Orthoptera recording 
scheme website provides short descriptions, a gallery of photographs and summary 
information on habitats and life history for each species (www.orthoptera.org.uk/species). In 
addition, the digital format allows convenient embedding of sound recordings directly on 
each species page; for most species, several calls are illustrated as heard with and without a 
bat detector. 
To summarise identifications of common species in a convenient format, 2-page sheets 
covering grasshoppers, crickets, earwigs and cockroaches were put together in 2013 and 
made available on the scheme website for recorders to download and print (Fig. 2.7) 
(Beckmann 2013). These have proved useful to send out during online verification to first-
time recorders, and to hand out as free copies during educational events. 
 
Fig. 2.7:  Head of identification sheet for common grasshoppers and crickets.  
Guides are available for download on the Orthoptera recording scheme website 
www.orthoptera.org.uk/node/1035 (Beckmann 2013). 
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There is a growing number of other excellent online resources for species identification, for 
example, county-level guides such as for Worcestershire 
http://worcestershireorthoptera.weebly.com and Leicestershire 
www.naturespot.org.uk/taxonomy/term/19476), and annotated collections of macro-
photographs such as Steven Falk’s “Flickr” pages 
www.flickr.com/photos/63075200@N07/collections/72157631291968800. 
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2.2.6.4 Mobile app 
Mobile technologies and the widespread use of smartphones mean that recorders can 
conveniently carry digital identification guides with them in the field. The iRecord 
Grasshoppers app comprises a field guide with species accounts, identification tips, photos, 
detailed labelled illustrations, and sound recordings. A set of descriptive filters including 
length of antennae, length of wings, colour and geographical region helps to narrow down 
the choice of species to aid identification. Species can also be filtered to those which 
produce sounds so that sound diagrams can be compared (Fig. 2.8). 
   
 
 
Fig. 2.8:  Screenshots of iRecord Grasshoppers app showing field guide and species 
identification screens.  
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2.2.6.5 Bat detectors 
The widespread availability of affordable “bat detectors” from the 1990s onwards has given 
Orthoptera recorders a useful tool for detecting high-pitched and quiet Orthoptera calls 
more easily. This applies particularly to two species of bush-cricket whose calls are mostly 
ultrasonic (Speckled Bush-cricket Leptophyes punctatissima, peak call energy at ca. 40 kHz, 
and Short-winged Conehead Conocephalus dorsalis, ca. 30 kHz). As of late 2016, the iRecord 
Grasshoppers app also includes a bat detector function, making this technical aid available 
for free to a wider range of recorders (Fig. 2.4). 
 
2.2.6.6 Identification courses 
Practical identification courses provide an ideal way to learn about species and survey 
methods. A number of grasshopper and cricket identification courses are held annually, 
organised through the Field Studies Council, the Wildlife Trusts and other organisations (see 
www.orthoptera.org.uk/content/grasshopper-and-cricket-identification-courses-2016 for an 
example of 2016 courses). Course participants often go on to send in observations to the 
recording scheme. 
 
2.2.7 Publications 
2.2.7.1 National Atlases 
In parallel to many other national recording schemes, the primary publications of the 
Orthoptera scheme have been distribution atlases with 10km-square maps for each species 
(Roy et al. 2014). Atlases provide milestones of current knowledge of species distributions, 
and of changes in those distributions. They also serve to highlight remaining gaps in 
recording. Including three initial “provisional” atlases, the Orthoptera scheme has produced 
five national atlases to date (Skelton 1974, Skelton 1978, Haes 1979, Marshall and Haes 
1988, Haes and Harding 1997). Fig. 2.9 illustrates the increasing geographical and taxonomic 
coverage of four of these atlases. The 1988 atlas was the first “non-provisional” one and a 
major publication, with detailed species accounts and extensive general chapters on 
Orthoptera and related species. A new atlas for the Orthoptera and allied insects of Britain 
and Ireland is in preparation for 2018, coinciding with the 50th anniversary of the 
establishment of the recording scheme. A set of draft atlas maps was appended to the spring 
2013 scheme newsletter (www.orthoptera.org.uk/newsletters). The species accounts on the 
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recording scheme website include dynamic distribution maps, which are coloured by year of 
most recent record, illustrating current database holdings. 
 
  
1974: 1,196 hectads, 26 species mapped 1979: 1,576 hectads, 28 species mapped 
  
1988: 2,099 hectads, 31 species mapped 1997: 2,423 hectads, 31 species mapped 
Fig. 2.9:  Recording coverage of four (provisional) Orthoptera atlases of Britain and Ireland. 
Maps reproduced from (Skelton 1974, Haes 1979, Marshall and Haes 1988, Haes and Harding 
1997). Numbers of hectads and species are for Orthoptera only, excluding the related 
species groups. 
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2.2.7.2 County Atlases 
As with other recording schemes, the Orthoptera scheme’s activities helped to instigate the 
publication of county atlases, often compiled by county recorders and / or Local 
Environmental Record Centres (Preston et al. 2002). Many of these atlases aimed to map 
species distributions at finer resolutions than the 10km maps of national atlases, with 2km 
(tetrad) resolution being the most common. Thirty-four Orthoptera county atlases covering 
thirty Vice Counties have been published from the 1950s to the 2010s, with a further three 
currently in preparation (Figs. 2.10 & 2.11) (Beckmann 2017). 
 
Fig. 2.10:  Number of Orthoptera county atlases published, by decade. 
 
 
Fig. 2.11:  Counties with Orthoptera atlases, and resolutions of maps.  
For a full list see (Beckmann 2017). 
Chapter 2 – Critical overview of Orthoptera Recording Scheme data 
61 
2.2.7.3 Conservation status assessments 
Apart from mapping species’ distributions, assessing their conservation status has been a 
primary aim of recording schemes (Preston et al. 2012). At the most fundamental level, the 
data can document colonisations and extinctions of species: three colonisations of 
Orthopteran species have occurred in Britain since 2000 (cf. Table 2.1), and no extinctions 
are known to have occurred. 
Between these extremes, assessments of species’ threat status are of great interest for 
conservation, and status assessments of Orthoptera in Britain were published in 1987 and 
2015, with six Orthopteran species assigned a threat status (Table 2.3) (Shirt 1987, Sutton 
2015). Threat status assessments can have direct relevance to conservation action. For 
example, the rapid declines of the Wartbiter (Decticus verrucivorus) and Field Cricket (Gryllus 
campestris) documented by the recording scheme and corresponding threat statuses 
assigned in 1987 led to Biodiversity Action Plans for these species being drawn up, and 
captive breeding and reintroduction programmes being implemented, which are likely to 
have contributed to the persistence of these species in Britain, and a reduction in threat 
status of the latter species in the 2015 status review (Cherrill 1993, Edwards et al. 1996, 
Pearce-Kelly et al. 1998, Edwards 2008).  
 
Table 2.3:  Historical and current threat status assessments of Orthoptera in Britain 
Species Shirt 1987 Sutton 2015 
Tettigoniidae   
Wartbiter  Decticus verrucivorus RDB2 EN 
Gryllotalpidae   
Mole Cricket  Gryllotalpa gryllotalpa RDB1 CR 
Gryllidae   
Field Cricket  Gryllus campestris RDB1 VU 
Scaly Cricket  Pseudomogoplistes vicentae RDB1 VU 
Acrididae   
Large Marsh Grasshopper  Stethophyma grossum  RDB2 NT 
Heath Grasshopper  Chorthippus vagans  RDB3 NT 
 
Old IUCN designations: RDB1 (Endangered), RDB2 (Vulnerable), RDB3 (Rare). 
New IUCN designations: CR (Critically Endangered), EN (Endangered), VU (Vulnerable), NT (Near 
Threatened). Table adapted from (Sutton et al. in press). 
 
While the original IUCN criteria for assigning threat status used in the 1987 assessment were 
defined without quantitative thresholds, a new set of criteria now stipulates the use of 
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quantitative thresholds of geographic range size, and population size, trend, and degree of 
fluctuation, where these are available (Mace et al. 2008, IUCN 2012). The 2015 assessment 
judged threat status according to these new criteria, particularly range size and estimated 
population trend. The author emphasised that expert opinion was used in the interpretation 
of the recording scheme data, because they are unlikely to be comprehensive. The following 
sections assess the coverage and biases of the recording scheme data, and methods for 
distribution trend analysis.  
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2.3 Assessment of scheme data 
Due to the evolution of the recording scheme and its methods of data collection reviewed 
above, records are not of a uniform quantity and quality over time. This section assesses the 
recording scheme’s data holdings and associated biases. In light of this the subsequent 
section compares methods for distribution trend analysis. Both these sections focus on 
Britain only, as recording effort in Ireland is too sparse for detailed analysis at this time. 
 
2.3.1 Record duplication 
With the transfer of records between different software systems and different data 
custodians, records are frequently duplicated, as unique identification keys are not always 
transmitted, or reformatting is carried out in different ways at different times, for example 
recorder names stored with or without all initials. Duplication of records does not affect the 
production of distribution maps, but may need to be taken into account when calculating 
distribution trends, depending on the method of analysis used (see section 2.3 below). In 
order to avoid counting duplicate records, throughout this section “distinct records” were 
defined as unique combinations of species, grid reference and date. The total number of 
records for resident Orthopteran species in the scheme database is currently 126,368 
(February 2017), compared to 104,237 “distinct records” for these species, suggesting that 
17.5% of records are duplicates. 
 
2.3.2 Change in number of records over time 
In parallel with the recording scheme’s growth since its establishment in 1968 and increasing 
ease of data computerisation there has been a large increase in the number of records 
submitted annually (Fig. 2.12): annual numbers of distinct records received have increased 
from several hundred in the 1960s and 70s to several thousand in the 1990s and 2000s. An 
early peak in record numbers in 1960 is due to historical records being assigned to the 
nearest decade (see section 2.1.3.1 above). An apparent decrease in numbers of records 
received since 2011 is likely to be due to lags in data flow from recorders, county recorders 
and Local Environmental Record Centres to the recording scheme database. 
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Fig. 2.12:  Number of distinct records in Orthoptera Recording Scheme database by year of 
record, 1960-2015.   
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2.3.3 Geographical variation in recording 
Over its history, the Orthoptera Recording Scheme has achieved fairly comprehensive 
coverage of Britain at a hectad level, but there is large spatial variation in recording intensity 
(Fig. 2.13): recording effort is highest in the south and east of Britain, with a strong 
northwards decline. Recording intensity therefore largely coincides with human population 
density, as well as Orthopteran species richness (cf. Fig. 2.1). There are some exceptions to 
this pattern, for example Cumbria and North Lancashire show a higher number of records 
than surrounding counties, even though human population density and Orthopteran species 
richness are not higher. These exceptions are likely to be mostly due to the strength of local 
recording networks and activities – for example Cumbria and North Lancashire have 
benefited from the presence of particularly active county recorders. 
 
 
Fig. 2.13:  Number of distinct records per hectad, 1960 to 2009. 
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Taken together, temporal and spatial variation in recording effort determine local changes in 
recording intensity. As an example, changes in recording effort per hectad were calculated 
over two time periods, 1960-2009 and 1980-2009 (Fig. 2.14): over the longer time period, 
there have been significant increases in recording effort in many areas, particularly the 
south-east of Britain, and few significant declines. Over the shorter time period greater 
regional differences are evident, with several significant regional declines as well as 
increases. 
 
  
Fig. 2.14:  Changes in recording effort per hectad 1960-2009 and 1980-2009.  
Changes were assessed by fitting Generalised Linear Models (GLMs) with a Poisson error 
structure to the annual number of distinct records per hectad over time in the Orthoptera 
recording scheme database. Colours indicate direction and significance of the relationship. 
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2.3.4 Spatial precision of records 
While historically many early biological records in Britain were collected at a “Vice County” 
level, the 1962 “Atlas of the British flora” firmly established 10km grid squares as the 
precision level of choice for national distribution maps (Perring and Walters 1962, Preston 
2013). Most recording of the Orthoptera scheme was initially focussed on this hectad 
precision, and until approximately 1980 the majority of records were collected at this 
resolution (Fig. 2.15). Recording at finer precisions of 1km and 100m squares steadily 
increased over time, including for the purposes of county atlases (Fig. 2.11) and due to 
increasing ease of digitisation (section 2.1.3.2). From about 1980 onwards more than 50% of 
records were collected at these resolutions, and by 1990 the proportion of records at only 
hectad resolution had declined to near zero. Since about 2010 the increasing use of online 
recording (Fig. 2.3) and the widespread availability of GPS devices, including in smart phones, 
has led to a sharp increase in even more accurate record localisations: 10m or 1m grid 
references had increased in number to about 30% of records in 2015, and this proportion is 
likely to increase further in future.  
 
Fig. 2.15:  Changes in the spatial precision of distinct Orthoptera Recording Scheme records 
over time. 
 
Chapter 2 – Critical overview of Orthoptera Recording Scheme data 
68 
2.3.5 Temporal precision of records 
Until about 1970 a large majority of records in the Orthoptera recording scheme were dated 
with a temporal precision of a year, or a range of years (Fig. 2.16). Accuracy gradually 
increased, and while between 1970 and 1980 a majority of records were still specified to a 
year, a similar proportion were more precisely dated to a month. There was a further sharp 
increase in the temporal precision of recording from about 1980: by 1990 over 80% of record 
dates were specified as a day, and this proportion is now consistently near 100%.  
 
Fig. 2.16:  Changes in the temporal precision of distinct Orthoptera Recording Scheme 
records over time.  
The date of a small minority of records is specified to a range of days or months; these 
records are included in the day and month categories respectively. 
 
2.3.6 Numbers of species recorded per visit 
The number of species which a recorder logs on a visit to a site – also referred to as the “list 
length” – may naturally vary with site and date. It may also reflect the recording effort 
expended during that visit and is therefore used as an important parameter during data 
analysis (section 2.3): for example, a systematic search of a grid square by an experienced 
recorder is likely to result in a longer list than a casual search by a novice recorder. 
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Changes in list lengths in the Orthoptera recording scheme database were assessed by 
plotting them over time, and fitting generalised linear models (GLMs) with a Poisson error 
structure to list lengths over time, using the “dataDiagnostics” function in the R package 
“sparta”. Results showed that list lengths of distinct records as stored in the scheme 
database have declined significantly over time (Fig. 2.17a and Table 2.4a). However, as 
illustrated above (Figs. 2.15 & 2.16), the spatial and temporal precisions of recording and 
record notation have increased greatly over time, and there was no significant change in list 
lengths over time when only records of a minimum precision were considered and 
summarised at a fixed spatial resolution (here 1km – Fig. 2.17b and Table 2.4b). 
 
(a) 
 
(b) 
 
Fig. 2.17:  Numbers of species recorded per visit (list lengths), 1960-2015.   
Visits were defined as unique combinations of grid reference and date. Plots are based on 
records of all temporal and spatial resolutions (a), and records with a temporal precision of a 
day or month and a spatial resolution of 1km or finer only, summarised at a 1km square level 
for identical dates (b).  
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Table 2.4:  Summary results of linear models of list lengths over time, 1960-2015. 
  Estimate SE t P  
(a) records of all spatial and 
temporal precisions 
(Intercept) 0.72 7.74e-03 93.2 0.00  
year -2.3e-05 7.60e-07 -30.3 3.1e-201 *** 
(b) records with spatial precision of 
≤ 1km and temporal precision 
of day or month, summarised at 
1km 
(Intercept) 0.52 1.12e-02 46.7 0.00  
year 1.0e-06 1.03e-06 1.0 0.33 n.s. 
 
 
 
2.3.7 “Presence-only” data 
The Orthoptera scheme’s records are mostly gathered without any standard protocol or 
measure of recording effort. Even where recording is semi-systematic such as during a 
detailed survey of a site aimed at recording a complete species list for the purposes of a 
distribution atlas, no information is generally stored with the resulting records to indicate 
that they were part of such a survey, and species absences are not recorded. The multi-
species recording form of the iRecord Grasshoppers mobile app does include the question “Is 
this a complete list of all species seen / heard?” with an associated tick box (Fig. 2.4), but this 
has received little use so far. As a result, almost all of the recording scheme’s data are 
“presence only” (i.e. detection only) data and there is no indication of whether a location 
without a record was surveyed for a particular species or not, with important implications for 
data analysis (see section 2.3 below).  
 
2.3.8 Uneven detection 
Uneven detectability of species is likely to result from changes in recorders’ skills over time, 
changes in the availability of recording tools such as identification guides and technical aids 
such as bat detectors, and detectability may also vary by habitat (Pellet et al. 2012, Isaac and 
Pocock 2015). Recorders choose which field survey methods to employ, for example visual or 
acoustic search, and what (if any) survey equipment to use, for example sweep nets or bat 
detectors. Survey methods and habitats can be recorded (Figs. 2.3 & 2.4), but this is not 
compulsory and currently happens for a minority of sightings only (survey method is 
recorded for about 6% of records, habitat for about 9%). 
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It is evident that changes in recording effort over time and space, changes in record notation, 
and the unstructured nature of recording generally, have entailed multiple changes and 
biases in the recording scheme data over time, which must be taken into account during 
analysis of a dataset of this kind. This is discussed in the next section, using distribution trend 
analysis as an example.  
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2.4 Distribution trend analysis 
Once a recording scheme has established which species occur in a country and what their 
distributions are at a broad spatial scale, a next key question is whether these distributions 
are stable or changing over time. For example, distribution trends are an important criterion 
for assessing species’ conservation status (IUCN 2012), and allow study of species’ responses 
to environmental changes (chapters 3 and 4) (Powney and Isaac 2015).  
It is clear that the nature and evolution of the Orthoptera recording scheme’s methods of 
record collection and data transmission have led to a variety of biases in the data: uneven 
sampling both over time and space (Figs. 2.12-2.14), uneven spatial and temporal precision 
of recording and / or record notation (Figs. 2.15 & 2.16), uneven sampling effort per visit 
(Fig. 2.17), record duplication, and potentially uneven detectability of species. Distribution 
trend analyses of a dataset such as the Orthoptera recording scheme’s therefore need to 
take these biases into account. The lack of absence (non-detection) records prohibits the use 
of conventional site-occupancy models for distribution trend analyses (MacKenzie et al. 
2002), and some methods used for analysis of recording scheme data therefore infer 
absences in other ways.  
As an example, three methods for distribution trend analysis were applied to the Orthoptera 
recording scheme data here over the 30-year time period 1980 to 2009. The performance of 
these methods was assessed previously in a study using simulated data (Isaac et al. 2014). In 
the discussion, the authors note that “Ultimately, the robustness of any model is dependent 
on its assumptions, and whether those assumptions are valid. We modelled a suite of 
recording scenarios, but there is a gap between our idealized simulations and the reality of 
how opportunistic data is collected.” The purpose of this section is to (i) spell out clearly 
what assumptions are made by each method and (ii) how biases in the recording data are 
addressed. The aim is then (iii) to elucidate how analyses are best set up in order to meet the 
assumptions made and address the biases of a real-world dataset such as the Orthoptera 
recording scheme’s. In addition, the section aims to (iv) investigate how similar the results of 
different methods are, and (v) what species, questions and purposes each method is most 
suitable for. Calculations were carried out in the statistical software environment “R” (R Core 
Team 2016) using the package “sparta”, which was created at BRC to allow easy application 
of a number of trend analyses to unstructured recording data (August 2015, August et al. 
2015b). 
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2.4.1 Relative range change index 
2.4.1.1 Definition, calculation, outputs 
The “relative range change index” is defined as change in the proportion of squares occupied 
by a species between two time periods relative to the overall change for all species of the 
taxonomic group (Telfer et al. 2002). Species occupying very few squares in the first time 
period (fewer than 5 squares being the recommended minimum) are excluded, because 
changes in these rarest species may affect results disproportionately. Only squares surveyed 
in both time periods are included in the analysis, by default defined as squares with at least 
one record for the taxonomic group in both time periods. Species ranges in each time period 
are expressed as proportions occupied of the total number of these surveyed squares, and 
logit-transformed. A linear model is then fitted to the species ranges in the later time period 
vs. the earlier time period, representing mean change in recording effort for all species. The 
standardised residual from this line for each species is defined as its relative range change 
index (Fig. 2.18). The index is therefore a single, relative value of range change per species, 
without a measure of significance for individual species. The index was here calculated 
between the 1980s and 2000s (Fig. 2.20, S 2.1 Table). 
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Fig. 2.18:  Species’ range sizes in 1980-9 and 2000-9 and calculation of relative range 
change index.  
Range sizes are plotted as logit-transformed proportions of 10km squares occupied. The 
solid line indicates unity, i.e. equal range sizes in both time periods. The dashed line indicates 
a linear model, i.e. mean recorded range change across all species. The “relative range 
change index” is defined as change in range size relative to this mean, i.e. as the 
(standardised) residual distances from the regression line. Arrows illustrate residuals for the 
species with the greatest positive and negative range changes. 
 
2.4.1.2 Meeting assumptions and addressing biases 
The relative range change index assumes that recorders aim to record as many species of the 
taxonomic group per grid square as they can during each time period. Records should 
therefore be summarised at temporal and spatial scales at which the data collection process 
is likely to meet this assumption – for a national analysis this typically means hectad level 
spatial scale and many years per time period, i.e. the scales adopted by most national atlases 
(Telfer et al. 2002). Here, records were summarised at a 10km square and decade level 
(1980-9, 2000-9). 
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When records are summarised at these very large scales, uneven spatial and temporal 
precision of recording and / or record notation, and uneven sampling effort per visit, are not 
expected to overly affect results. Uneven detectability of species is also likely to be averaged 
out through the summarising of data at large spatial and temporal scales, and only if species 
regularly go undetected over many years and at all sites within hectads will results be 
affected. 
Uneven spatial sampling is addressed by calculating change based on squares surveyed in 
both time periods only. By default these squares are defined as those with at least one 
record for the species group in each time period, but this threshold could be increased in 
order to restrict analysis to well-surveyed squares (Telfer et al. 2002) (cf. chapter 3). 
The index addresses uneven sampling over time by defining range change relative to mean 
change: in the Orthoptera recording scheme, overall recording effort was higher in 2000-9 
than in 1980-9 (cf. Fig. 2.12), with 5,160 unique species-hectad combinations in surveyed 
squares in 2000-9, compared to 4,228 in 1980-9. This is reflected in the linear model (dashed 
line in Fig. 2.18) having an intercept greater than zero and lying above the (solid) unity line. 
Accordingly, species recorded as occupying the same proportion of squares in both time 
periods (i.e. plotted on the unity line in Fig. 2.18) have a negative range change index and are 
judged to have declined relative to the mean. 
Calculation of the range change index also assumes that there are no changes in the 
recording of particular species between time periods (Telfer et al. 2002). Data from targeted 
surveys of individual species conducted in one time period only should therefore be 
excluded from analysis. For Orthoptera, targeted surveys were carried out for the 
Biodiversity Action Plan species, Wartbiter (Decticus verrucivorus) and Field cricket (Gryllus 
campestris) (Cherrill 1993, Edwards et al. 1996). In the present analysis, these species were 
excluded on the basis of rarity already (occupying less than 5 hectads in the 1980s). A 
potential change in recording of particular species may be due to the increasing availability 
of bat detectors, which may selectively increase recording of species that stridulate at high 
frequencies. In Britain, this particularly applies to the Speckled bush-cricket (Leptophyes 
punctatissima) and Short-winged conehead (Conocephalus dorsalis) (section 2.1.6.5). 
However, both species are also commonly observed by sight (Evans and Edmondson 2007, 
Benton 2012, Mearns and Marquiss 2016) and, summarised at coarse scales, their 
distributions are unlikely to be under-recorded even without the widespread use of bat 
detectors so in the present analysis this is not considered problematic. 
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2.4.1.3 Assessment and recommendations 
While the design of the range change index and summarising of data at large spatial and 
temporal scales makes this method robust to several biases, it also makes it conservative, i.e. 
reduces its statistical power to detect change (Isaac et al. 2014). Power to detect negative 
trends in widespread species may be particularly low, because these are likely to have 
several populations per hectad (100km2) which may not all disappear in close temporal 
proximity. Individual species’ index values lack a measure of certainty, and their meaning is 
not easily conveyed to a non-scientific audience (the difference from the average change in 
proportion of squares occupied, on the logit scale), and may not be ideal for providing 
feedback to recorders for example. However, the method is suitable for conservative, 
relative assessments of species trends at large scales, particularly where as many species of a 
group as possible are to be compared, including those with limited numbers of records and 
records at low spatial and temporal resolutions. 
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2.4.2 Reporting rate models 
2.4.2.1 Definition, calculation, outputs 
“Reporting rate” methods calculate distribution trends as change in the annual proportion of 
visits which produce a record of a species, modelled as change over time in the probability of 
detection on the average visit, using logistic generalised linear mixed models (GLMMs). A 
random effect of site and a fixed effect of list length were added here to allow for variation 
by site and number of species recorded during visits (Isaac et al. 2014). The output is a single 
value per species of mean annual change over the study period in the proportion of visits 
during which it is detected, with a standard error, allowing assessment of significance (Fig. 
2.20, S 2.1 Table). 
 
2.4.2.2 Meeting assumptions and addressing biases 
Reporting rate methods assume that recorders record species against a full list of the 
taxonomic group, i.e. that they search a site for all species and record all species they find. If 
a species is not recorded during a visit, therefore, the recorder is assumed to have looked 
for, but failed to find it. In this way, non-detections of species are inferred from detections of 
other species.  
In the absence of explicit information in the database of which records meet the assumption 
of the recorder having recorded against a full list (section 2.2.7), several steps were taken in 
the selection of records and the setup of the analysis in order to increase the likelihood of 
this assumption being met. Firstly, data were analysed at the spatial and temporal resolution 
of a typical visit – here chosen to be 1x1km squares and 1 day – and records at coarser 
resolutions were discarded. Secondly, only records which occur on “lists” of a length of at 
least 2, and from sites sampled in at least 2 years during the study period were used and all 
others were assumed to be “casual” records not meeting this assumption and were 
discarded; “lists” were defined as the distinct species recorded during a visit, i.e. distinct 
species for the same day and 1km square (Isaac et al. 2014). Thirdly, only records for species 
were analysed together which are broadly similar in their ecology and phenology and are 
therefore likely to be recorded together. Here, only resident Orthopteran species of outdoor 
terrestrial habitats were selected. In addition, records for the winter months December to 
March were excluded, since no Orthopteran species other than groundhoppers (Tetrigidae) 
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are regularly encountered during these months and winter records therefore cannot be 
considered full lists. 
Records were summarised at the 1km resolution chosen for analysis in order to counteract 
uneven spatial and temporal precision of recording and / or record notation over time, which 
might bias list lengths (Figs. 2.15-2.17). 
Records selected and summarised in these ways are referred to as “suitable” records in the 
following. 
Covariates for site and list length were included in models because this has been shown to 
significantly improve handling of bias due to uneven spatial sampling and uneven sampling 
effort per visit, reducing type-1 errors (false positives, i.e. erroneous findings that a species’ 
probability of detection has changed over time when it has not) (Isaac et al. 2014). The list 
length variable is assumed to reflect recording effort during a visit, with an expectation of 
greater probabilities of detection during visits with greater list lengths. The results of the 
present analysis bear this out, with a significant positive effect of list length for all species 
(S 2.1 Table). 
Reporting rate methods do not explicitly address bias due to changing detectability of 
species, and are liable to produce type-1 errors where data is biased in this way, and caution 
is needed where this may be the case (Isaac et al. 2014). 
The decline estimated by the reporting rate model for the Heath Grasshopper Chorthippus 
vagans is much greater than for any other species, and highly significant; similarly, the 
positive effect for list length for this species is much greater than for any other species (Fig. 
2.20, S 2.1 Table). While C. vagans does seem to have undergone declines over this period, 
and threat status assessments  in 1987 and 2015 assigned it to categories “Rare” and “Near 
Threatened” respectively (section 2.1.7.3), the magnitude of the decline estimated by the 
model seems excessive compared to other species (Shirt 1987, Benton 2012, Sutton 2015). A 
likely explanation is that the number of positive “suitable” records available for analysis for 
C. vagans here was extremely low (24 records in 30 years), increasing the likelihood of such 
an extreme result arising by chance. 
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2.4.2.3 Assessment and recommendations 
Reporting rate models are robust to several biases, and have greater statistical power to 
detect changes than the relative range change index (Isaac et al. 2014) and have been used, 
for example, to produce priority species indicators (Eaton et al. 2015). The models are fairly 
quick to fit, and produce absolute distribution trend values for each species that can be 
easily interpreted and communicated: mean change over the study period in the proportion 
of visits during which a species is detected. Associated estimates of error allow assessment 
of significance. 
However, care is needed in the selection of species and records for analysis in order to 
ensure that the assumptions of species being recorded as complete lists per visit, and no 
changes in detectability occurring over time, are likely to be met. This will often mean that 
the majority of records is discarded, making the method suitable only for species with 
reasonably high quantity and quality of data: the extreme trend estimate for C. vagans 
highlights the importance of assessing robustness of results not by their significance alone, 
but also by the numbers of records used, which was extremely low in this case. A recent 
analysis of data of the UK Ladybird Survey, which employed reporting rate models, excluded 
all species with fewer than 1,000 “suitable” records (Roy et al. 2012). Even applying a less 
stringent cut-off of 500 “suitable” records to the Orthoptera Recording Scheme data here, 
this restriction still makes the method suitable for only 12 out of 23 species (Fig. 2.20, S 2.1 
Table).  
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2.4.3 Occupancy-detection models 
2.4.3.1 Definition, calculation, outputs 
Occupancy-detection models are similar to the reporting rate models described above, but 
include an additional nested submodel for detection (MacKenzie et al. 2002, Tyre et al. 2003, 
Isaac et al. 2014). The probability of a site being occupied by a species, and the probability of 
the species being detected given that a site is occupied, are estimated separately in 
hierarchically coupled models in a Bayesian framework. A random effect for site was 
included in the state (presence-absence) model, and a fixed effect for list length in the 
observation (detection-nondetection) model in order to account for uneven spatial sampling 
and uneven sampling effort per visit. 
The models produce absolute estimates of occupancy per species for each year of the study 
period, with credible intervals (Fig. 2.19). A trend over the entire study period can be derived 
from the yearly occupancy estimates, for example by calculating the difference in occupancy 
between the first and last study year. However, in species with large fluctuations in 
occupancy estimates from year to year, this approach is liable to produce different results 
depending on the exact choice of start- and end-year. A method less prone to this variability 
is fitting a model to the annual occupancy estimates, weighted by the inverse of their 
dispersions, i.e. giving less weight to years with greater uncertainty around the occupancy 
estimate. The sparta package currently does not produce such an overall trend estimate, so 
it was calculated here by fitting quasibinomial Generalised Linear Models to the mean annual 
occupancy estimates, weighted by the inverse of their coefficients of variation (Fig. 2.19, S 
2.1 Table).  
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Fig. 2.19:  Modelled annual occupancy and overall trend 1980-2009, for the Mottled 
Grasshopper Myrmeleotettix maculatus.  
Points are mean annual estimates of occupancy, grey shading indicates 95% credible 
intervals. The dashed line indicates mean trend in occupancy over the study period. 
 
2.4.3.2 Meeting assumptions and addressing biases 
As with reporting rate models, occupancy detection models assume that recorders survey 
sites against a full list of species of the taxonomic group. The same steps as with those 
models were therefore taken in the selection of records and in the setup of the analysis to 
increase the likelihood of this assumption being met (section 2.3.2.2). 
Estimating detection probability separately requires repeat observations in “closure” periods 
during which there is assumed to be no change in occupancy, i.e. no extinction or 
colonisation (Kéry and Schaub 2012). Closure periods were here defined as years, i.e. sites 
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were assumed to remain occupied or not throughout each year, and changes in occupancy to 
occur only between years. Models could therefore only be fitted for species which have at 
least one site with repeat observations during the same year; all species analysed here had 
such sites. The steps taken to ensure records are likely to be part of a full list (section 2.3.2.2) 
were also assumed to suffice to meet the assumption of no changes in occupancy occurring 
within a year. Additional measures could theoretically be taken, for example the months 
analysed could be restricted further in order to focus even more tightly on the main 
phenological period of all species, increasing the likelihood of repeat visits encountering all 
species present. Alternatively, closure periods could be shortened, for example defined as 
months. However, any such measures would further reduce the numbers of available 
records. 
 
2.4.3.3 Assessment and recommendations 
Occupancy detection models with covariates of site and list length and site filtering were 
found to be generally very robust to biases and had good statistical power to detect change 
(Isaac et al. 2014). They provide annual absolute measures of occupancy (and derived from 
these, changes in occupancy over the study period), which are easily interpreted and 
communicated. For example, Fig. 2.19 illustrates that occupancy of the Mottled Grasshopper 
Myrmeleotettix maculatus is estimated to have declined from about 40% to less than 20% 
between 1980 and 2009, with greater certainty about the estimates after 1990 than before. 
As with reporting rate models, care needs to be taken in the selection of records and the 
setup of the analysis so that the assumptions of recording against a full list of species, and no 
changes in occupancy in closure periods, are likely to be met. Occupancy detection models 
have become the current method of choice for trend analysis of unstructured biological 
recording data (Hayhow et al. 2016), but are time-consuming to fit and, like reporting rate 
models, currently suitable only for species with a high quantity and quality of data. A recent 
study used a cut-off of a minimum of 500 suitable records per species (Woodcock et al. 
2016). 
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2.4.4 Comparison of trend estimates 
The distribution trend estimates for Orthoptera in Britain between 1980 and 2009 produced 
by the three methods – relative range change index, reporting rate and occupancy detection 
models – are compared in Fig. 2.20 and full results are given in S 2.1 Table. To assess the 
level of agreement between methods, results of trend measures were plotted against each 
other in pairs, and linear models fitted (Table 2.5, S 2.1 Fig.). The pairwise comparisons were 
carried out for all species, and for those twelve species only which had a minimum of 500 
“suitable” records for reporting rate and occupancy models, in order to exclude species 
liable to produce unreliable estimates, particularly here C. vagans (cf. sections 2.3.2.3 and 
2.3.3.3). 
Pairwise comparisons of methods showed low to moderate agreement between reporting 
rate models and the two other measures when all species were included (R2 values of 41% 
and 14%), but good agreement when species with fewer than 500 “suitable” records were 
excluded (R2 values of 94% and 75%). There was fairly good agreement between the relative 
range change index and occupancy models for all species (R2 65%), and this also improved 
slightly when species with few records were excluded (R2 73%) (Table 2.5, S 2.1 Fig.).  
 
Table 2.5:  Coefficients of determination (R2 values) of linear models for pairwise 
comparisons of trend measures 
 
Relative range change index  
vs. Reporting rate 
Occupancy detection 
vs. Reporting rate 
Relative range change index  
vs. Occupancy detection 
all species (n=23) 0.41 0.14 0.65 
species with >500 
“suitable” records (n=12) 
0.94 0.75 0.73 
Models were fitted for all species (top), and for twelve species with a minimum of 500 “suitable” 
records for reporting rate and occupancy models (bottom). Results show the level of agreement 
between distribution trend measures (for R2, 0 = no agreement, 1 = full agreement). For plots see S 2.1 
Fig. “Suitable” records for reporting rate and occupancy models are defined as records which meet 
certain quality criteria assumed to indicate that the recorder recorded against a complete species list 
– see section 2.3.2.2 above for a full definition. 
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Fig. 2.20:  Comparison of three distribution trend measures for Orthoptera in Britain, 1980-2009.  
Comparison of relative range change index, reporting rate and occupancy models. Error bars indicate upper and lower 95% confidence intervals for the latter two measures. Numbers 
of records per species used in reporting rate and occupancy models are given above the species names. Species for which a relative range change index could not be calculated are 
excluded, i.e. species occurring in 5 or fewer surveyed hectads in the 1980-9 time period. Note y-axis is truncated between -0.2 and -0.4. See S 2.1 Table for detailed values.
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It is apparent that while there is good agreement between distribution trend measures for 
species with good data quality and quantity, measures may diverge more for rare species 
and those with few “high quality” records, i.e. few records at the spatial and temporal 
resolution of individual site visits, and which are likely to be part of a species list (section 
2.3.2.2). The trend estimates of the relative range change index for these rare species may 
be more reliable than those of the other two methods for this dataset, because the index is 
able to use all available records, including early records at low spatial and temporal 
resolutions. For example, the distribution of the Large Marsh Grasshopper Stethophyma 
grossum is known to have suffered a large decline between the 1980s and 2000s, losing all 
its populations outside Hampshire and Dorset (Benton 2012). This is reflected in its decadal 
hectad distribution (14 hectads in the 1980s, 7 hectads in the 2000s, S 2.1 Table) and large 
negative range change index. However, many of the early records (including from 
populations which went extinct) were unsuitable for use in the reporting rate and occupancy 
models due to their data quality requirements (high resolutions, minimum list length, 
minimum number of visits to a site): only records from 8 hectads were suitable, including the 
7 hectads still occupied in the 2000s, and neither method produced a significant estimate of 
decline. 
Altogether, therefore, the relative range change index is likely to be the distribution trend 
measure suitable for the largest number of species, but produces conservative estimates of 
change (Isaac et al. 2014). For species with sufficient quality and quantity of data (which is 
likely to exclude rare species), occupancy models are a statistically more powerful measure 
of change and they are more robust to biases than reporting rate models, albeit taking 
longer to compute. Finally, none of the methods discussed here are currently suitable for 
assessing the very rarest species (occupying 5 hectads or fewer). Table 2.6 summarises the 
comparison of the three distribution trend measures as applied here – their definition, 
calculation and outputs, assumptions made, how biases are addressed, advantages, 
disadvantages and recommendations for their use. 
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Table 2.6:  Comparison of distribution trend analysis methods  
 Relative range change index 
Reporting rate model  
with effects of list length and site 
Occupancy detection model  
with effects of list length and site 
Definition and 
calculation of 
distribution 
trend 
Change in proportion of surveyed 
squares occupied relative to mean 
change for species group. Calculated as 
standardised residuals of a linear model. 
A weighting by range size can be applied 
to account for greater variance among 
species with very small ranges. 
Change in proportion of visits during 
which species is reported, allowing for 
variation by site and number of 
species recorded during visits.  
Modelled as change in reporting 
probability, using generalised linear 
mixed models (GLMMs) with a 
random effect of site and a fixed 
effect of list length. 
Mean annual occupancy of sites (and 
derived from this, mean change in 
occupancy over the study period). 
Modelled as probability of occupancy 
while accounting for probability of 
detection, using hierarchically 
coupled Bayesian logistic models, 
with a random effect of site and a 
fixed effect of list length. 
Output 
Single relative range change index value 
per species without units or measure of 
error. 
 
Single absolute value for each species 
of mean annual change over the study 
period in the probability of being 
detected, with standard error (on 
logit scale). 
Annual absolute values of occupancy 
per species for each year of the study 
period, with credible intervals. 
Derived from this e.g. mean values of 
annual change in occupancy over 
study period (on logit scale). 
Assumptions 
Recorders aim to record as many 
species of the taxonomic group per grid 
square as they can during each time 
period. 
There are no changes in the recording of 
particular species between time 
periods. 
Recorders record all species of the 
taxonomic group which they detect 
on each visit to a site. 
No changes in detectability over time. 
If list-lengths are included as a 
covariate they are assumed to reflect 
recording effort. 
Recorders record all species of the 
taxonomic group which they detect 
on each visit to a site. 
Occupancy of sites does not change 
during “closure” periods (here years), 
i.e. no colonisation or extinction 
within years, only between years. 
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Uneven 
spatial 
sampling 
Only squares surveyed in both time 
periods are included in analysis. 
A random effect for site is included. 
A random effect for site is included in 
the state (presence-absence) model. 
Uneven 
temporal 
sampling 
Linear model fitted to represent overall 
change in recording effort for the 
taxonomic group; individual species’ 
range changes calculated relative to this 
Trend calculated as change in 
probability of reporting per visit. 
Trend calculated as change in 
probability of occupancy, after 
controlling for probability of detection 
per visit. 
Uneven 
effort per 
visit 
Data summarised at large temporal and 
spatial scales (over many visits). 
If a covariate for list length is included 
this is assumed to reflect recording 
effort. 
A fixed effect for list length is included 
in the observation (detection-
nondetection) model. 
Uneven 
spatial 
and 
temporal 
precision 
Records summarised at large spatial and 
temporal scales (usually 10km squares, 
and many years per time period) 
Records should be summarised at one 
spatial and temporal scale across the 
study period which corresponds to 
typical visits, e.g. 1km squares and 
date specified to a day, and limited to 
records of at least these precisions. 
Same as reporting rate models. 
Uneven 
detect-
ability 
Not explicitly addressed, but records are 
summarised at large spatial and 
temporal scales, averaging out changes 
in detectability accordingly. 
Not explicitly addressed. 
Detectability modelled in separate 
sub-model from repeat visits to sites 
each year. 
Advantages 
Robust to most biases. 
Can use all records including those at 
low temporal and spatial resolutions. 
Computationally un-intensive. 
Robust to several biases. 
Good statistical power to detect 
change, because information from 
individual visits is used. 
Produces absolute value of change in 
reporting rate per species. 
Fairly easy to compute. Outputs easy 
to understand and communicate. 
Robust to biases. 
Good statistical power to detect 
change, because information from 
individual visits is used. 
Produces annual, absolute values of 
occupancy per species. 
Outputs easy to understand and 
communicate. 
Disadvantages 
Low statistical power to detect trends. 
Range change values are purely relative 
to the average for the species group, an 
overall decline or increase for all species 
cannot be detected. 
Requires high quality and quantity of 
data.  
Not robust to changes in detectability. 
Species with few records subject to 
producing misleading conclusions. 
Requires high quality and quantity of 
data with repeat samples during 
“closure” periods (typically years). 
Computationally intensive. 
Recommen-
dations 
Best used at large spatial and temporal 
scales over which complete coverage 
was attempted, e.g. comparison of 
national atlases. 
Suitable for conservative, relative 
assessment of whole species group, 
including rare species and low 
resolution records, excluding very rarest 
Filter data to complete lists: e.g. 
threshold list lengths; sites with 
minimum numbers of visits; species 
with similar habitats and phenologies 
that are likely to be recorded together 
Summarise data at resolutions of 
typical visit, e.g. 1km2 and 1 day. 
Exclude species with few records. 
Same as reporting rate models. 
Best method for species with high 
quantity and quality of data. 
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2.5 Conclusion 
Over five decades of operation since 1968, the Orthoptera Recording Scheme of Britain and 
Ireland has built up a database of records and mapped the distributions of Orthoptera and 
related species, and changes in these distributions. While recording has aimed to achieve 
national coverage at 10x10km resolution for several national atlases, and at finer resolutions 
where county atlases have been collated, recording is generally unstructured, with no 
standard protocol or measure of recording effort. This, and the development of the methods 
of recording and record sharing over time have resulted in a range of biases in the data, 
which need to be taken into account during data analysis. A number of statistical methods 
for distribution trend analysis have been developed to this end. Care is needed with setup of 
analyses in order to meet the assumptions made. Occupancy detection models provide a 
powerful and robust measure of distribution change for species with good quantities and 
quality of data. The “relative range change index” is the method suitable for the largest 
number of species, including those with low quantity and quality of data, although it has 
relatively low statistical power to detect change. 
Orthoptera recorders today benefit from a range of accessible identification guides and 
convenient methods of record collection and submission, including a scheme website and a 
dedicated mobile app. A central online database makes record verification and provision of 
feedback more efficient for recording scheme organisers at national and county levels. The 
recording scheme should therefore be in a good position to maintain and build on its 
activities into the future. Some future perspectives for Orthoptera distribution recording are 
discussed in 6, and the scope for structured abundance monitoring is explored in chapter 5. 
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3.1 Abstract 
There are large variations in the responses of species to the environmental changes of recent 
decades, heightening interest in whether their traits may explain inter-specific differences in 
range expansions and contractions. Using a long-term distributional dataset, we calculated 
range changes of grasshoppers and crickets in Britain between the 1980s and the 2000s and 
assessed whether their traits (resource use, life history, dispersal ability, geographic location) 
explain relative performance of different species. Our analysis showed large changes in the 
distributions of some species, and we found a positive relationship between three traits and 
range change: ranges tended to increase for habitat generalists, species that oviposit in the 
vegetation above ground, and for those with a southerly distribution. These findings accord 
well with the nature of environmental changes over this period (climatic warming; 
reductions in the diversity and increases in the height of vegetation). However, the trait 
effects applied mainly to just two species, Conocephalus discolor and Metrioptera roeselii, 
which had shown the greatest range increases. Once they were omitted from the analysis, 
trait effects were no longer statistically significant. Previous studies on these two species 
emphasised wing-length dimorphism as the key to their success, resulting in a high 
phenotypic plasticity of dispersal and evolutionary-ecological feedback at their expanding 
range margins. This, combined with our results, suggests that an unusual combination of 
traits have enabled these two species to undertake extremely rapid responses to recent 
environmental changes. The fact that our results are dominated by two species only became 
apparent through cautious testing of the results’ robustness, not through standard statistical 
checks. We conclude that trait-based analyses may contribute to the assessment of species 
responses to environmental change and provide insights into underlying mechanisms, but 
results need to be interpreted with caution and may have limited predictive power.  
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3.2 Introduction 
The responses of individual species to environmental change are highly variable, despite 
average polewards and upwards range shifts of species responding to climate change, and 
contractions of species ranges in regions experiencing habitat loss, degradation and 
fragmentation (Thomas et al. 2004b, Hickling et al. 2006, Chen et al. 2011, Mair et al. 2012, 
IPCC 2014). Often, different environmental changes interact to affect species and result in a 
wide range of responses (Warren et al. 2001, Fox et al. 2014). At present, we have limited 
ability to predict the attributes of species that will thrive and exploit new opportunities, and 
of those that will decline and fail to adapt to changing conditions (Angert et al. 2011, Buckley 
and Kingsolver 2012). Understanding this variation represents a fundamental scientific 
challenge, the answers to which will have relevance to the conservation of species and 
species communities, and to the wider management of ecosystems.  
 
The natural environment has been subject to extensive changes over recent decades. Global 
average surface air temperatures have risen by about 0.8°C since 1900, much of this rise 
occurring in the past 30 to 40 years, making the speed of recent warming faster than most 
past climatic changes (Wolff et al. 2014). The mean Central England Temperature in the 
2000s was 0.84°C higher than in the 1980s (Parker et al. 1992). Globally, conversion of 
natural habitats to agriculture reached an unprecedented rate in the second half of the 20th 
century and this continues in most parts of the world. In contrast, in many developed 
countries conversion to agricultural use has slowed or stabilized (Millennium Ecosystem 
Assessment 2005a). In England, large areas of land were taken out of production as “set 
aside” from 1990 onwards, as a result of farming subsidies, and soon exceeded 10% of arable 
land, remaining at around this level until payments were stopped from 2008 (Defra 2010). 
However, agricultural practices continue to intensify at a global scale; nitrogen fixation 
through human activity, mainly fertilizer production, now equals or exceeds fixation in 
natural ecosystems, and considerable proportions are lost to the environment (Millennium 
Ecosystem Assessment 2005b). Large areas of the UK exceed “critical loads” of nutrient 
nitrogen, i.e. levels harmful to sensitive elements of the environment (Stevens et al. 2011). 
Such climatic and land use changes may strongly affect species communities and the matrix 
of habitats available; for example in Britain average plant species richness has decreased 
across habitats since 1978, with light-loving species of shorter turf declining and competitive 
species of fertile ground increasing (Carey et al. 2008). 
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We used grasshoppers and crickets (Orthoptera) as a model group to study the impacts of 
these changes and to identify traits which explain why species may vary in the extent to 
which their geographic ranges are changing. Grasshoppers and crickets are a suitable group 
because they are ectothermic insects found predominantly in open habitats, and are 
consequently highly responsive to climatic and land use changes (Willott and Hassall 1998, 
Simmons and Thomas 2004, Gardiner 2009, Cherrill 2010). In addition, the species in Britain 
display a broad range of biological traits (Benton 2012), which might underpin their different 
distribution changes (Angert et al. 2011). Many grasshoppers and crickets are easily 
observed and identified, and the “Orthoptera Recording Scheme” has produced a large 
dataset which is available for research (Orthoptera and Allied Insects Recording Scheme of 
Britain and Ireland 2014). Trait-based analyses have previously been carried out on 
temperate grasshoppers and relatives, including investigations of range sizes (Willott and 
Hassall 1998), extinctions (Reinhardt et al. 2005), degree of nestedness (Schouten et al. 
2007), species richness (Marini et al. 2010, Hendriks et al. 2013) and community composition 
(Dziock et al. 2011), but none across species at a national scale with a focus on investigating 
range change. 
 
We considered here a series of traits that might be expected to influence the responses of 
species to a variety of land use and climatic changes: 
 
3.2.1 Resource use traits 
Under conditions of environmental change, generalists that are capable of exploiting a wide 
range of resources are more likely to be able to survive changes to the availability of a 
specific resource in a landscape, and they are more likely than specialists to be able to 
exploit new landscapes if climatic or other conditions become suitable (Öckinger et al. 2010, 
Gallagher et al. 2015). Numbers of habitats exploited and diet are commonly used as 
measures for the degree of species’ resource specialisation (Comont et al. 2012, Dapporto 
and Dennis 2013). Preferred vegetation structures and oviposition sites are two further traits 
that may describe species’ resource requirements, because they play a critical role in 
determining the suitability of habitats in terms of microclimatic conditions, particularly for 
ectothermic insects (Sutherland and Hill 1995, Thomas et al. 2009, Suggitt et al. 2011, Bennie 
et al. 2013, Hendriks et al. 2013). We hypothesised that range changes would be positively 
related to traits indicative of microclimatic requirements favoured by recent land use 
change, i.e. a preference for medium or tall vegetation, and oviposition above ground. 
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3.2.2 Life history traits 
Species’ life history traits influence their rates of reproduction, and hence exert an important 
influence on their ability to respond to environmental change; for example the number of 
generations per year and body size (Whitman 2008, Angert et al. 2011). We predicted that 
the greatest range increases would be positively related to traits associated with fast 
reproduction, i.e. short generations, and small body size. Winter stage (i.e. life stage at which 
the species overwinters) and phenology (i.e. seasonal timing of the life cycle) may influence 
species’ vulnerability to adverse weather and their ability to exploit favourable seasonal 
conditions (Roy and Sparks 2000, Altermatt 2010, Thackeray et al. 2010). For a group of 
species with the same over-winter stage, those that mature later in the season are likely to 
have a greater degree of “thermal limitation”, i.e. to require a greater sum of warmth for 
development. We therefore predicted late-maturing species to have increased their ranges 
more, since they would be likely to benefit more from recent climatic warming. 
 
3.2.3 Traits characterising dispersal ability 
A critical factor determining species’ capacity to respond to environmental change is their 
dispersal ability, particularly if the rate of that change is rapid (Simmons and Thomas 2004, 
Marini et al. 2010, Öckinger et al. 2010), although if habitat is highly fragmented selection 
may also act against dispersal (Travis and Dytham 2002). Wing length and wing load are 
species traits commonly used to approximate dispersal ability in insects (Hill et al. 1999). We 
predicted that increases in range would be positively related to wing morphology favouring 
dispersal – i.e. long wings or wing-length dimorphism, and low wing load. British 
grasshoppers and crickets include several species which exhibit wing dimorphism, with a 
short-winged (brachypterous) form and a long-winged, particularly dispersive 
(macropterous), form. Strong trade-offs between investment in the flight apparatus and 
investment in reproductive organs mean that wing-dimorphic species may be at a selective 
advantage by producing increased numbers of macropterous individuals only under 
conditions favouring dispersal (Simmons and Thomas 2004, Dziock et al. 2011). Therefore, 
wing-dimorphic species were predicted to have shown more positive distribution trends over 
the recent decades of environmental change than obligate macropters or obligate 
brachypters. 
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3.2.4 Distributional traits 
Parameters of species’ distributions including average latitude or position of distributional 
margins have been used as measures of their climatic requirements (Hickling et al. 2006). 
Species with lower average latitudes are likely to be more thermally limited than those with 
higher ones and hence to benefit more from warming; we therefore predicted a negative 
relationship between average latitude and range change. 
 
Using these biological traits and hypotheses, we assessed their relative importance in 
explaining distributional changes of grasshoppers and crickets in Britain between the 1980s 
and 2000s. 
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3.3 Materials and Methods 
3.3.1 Range changes 
The extent of changes in distributions of British grasshoppers and crickets was quantified 
using the data of the Orthoptera Recording Scheme (Orthoptera Recording Scheme 2013a, b, 
Orthoptera and Allied Insects Recording Scheme of Britain and Ireland 2014). The scheme 
has collated 104,144 distribution records from over 2,000 volunteers since 1967. Records are 
mostly gathered in a non-standardised way, i.e. with no standard protocol or measure of 
recording effort, the main aim being to record distributions. Locations are recorded to 
varying degrees of precision, many to a 100m grid square resolution or finer (55%), with the 
rest at 1km, 2km or 10km resolutions (27%, 3% and 15% respectively). Data were 
summarised at a 10km grid square (“hectad”) resolution, based on the British National Grid, 
and the analysis was restricted to the mainland and inshore islands of Great Britain (England, 
Scotland, Wales). All calculations were performed in the statistical software environment 
“R”, version 3.0.2 (R Core Team 2013). 
 
Changes in species range sizes were calculated between the decades 1980-89 and 2000-09. 
These periods were selected to cover the time of most intense recording and therefore to 
maximise the number of records available for analysis while maintaining a gap between 
them. The periods were also selected to cover a time of extensive environmental change 
both in climate and land use (mean Central England Temperature increasing by 0.84°C; in 
excess of 10% of arable land taken out of cultivation; and nutrient enrichment of many 
habitats continuing – resulting in vegetation becoming taller, more shaded and less diverse 
(Parker et al. 1992, Carey et al. 2008, Defra 2010, Stevens et al. 2011); cf. Introduction and 
Discussion). 
 
Range changes were calculated from grid cells that had been surveyed in both time periods 
in order to minimise any effect of differences in the number of grid cells visited or the 
geographical pattern of recording. To understand impacts of increasing recorder effort on 
range change measures, four sets of these “surveyed squares” were defined: hectads with a 
minimum, respectively, of one, two, three or four grasshopper or cricket species recorded in 
both time periods (these were not necessarily the same species in both periods) (Fig. 3.1, cf. 
(Hickling et al. 2006)). Range change measures were calculated for each of these four sets of 
“surveyed squares” / levels of recording effort, and Pearson’s correlation tests carried out 
between them in order to assess their consistency. For all levels of recording effort, the 
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majority of “surveyed squares” were located in the southern half of England with lower 
numbers in northern England, Wales and Scotland; this is not surprising as it reflects 
grasshopper and related species diversity as well as human population (and hence recorder) 
density, but it should be borne in mind when interpreting results. 
 
 
Fig. 3.1. Location of four sets of “surveyed squares” with different levels of recording 
effort.  
10km grid squares on the British mainland and inner islands with respectively at least one, 
two, three or four grasshopper or related species recorded in both the periods 1980-9 and 
2000-9. There was a total of 844 squares with at least one species recorded in both time 
periods (32% of the possible total of 2,662 squares), 598 squares (22%) with at least two 
species, 474 squares (18%) with at least three, and 375 squares (14%) with at least four. 
 
 
Species range changes were calculated in two ways: (1) “Uncorrected range change” was 
defined simply as the absolute difference between the (logit-transformed) proportion of 
“surveyed squares” occupied by each species in the 2000s vs. the 1980s. Proportions were 
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logit-transformed in order to create unbounded distributions and help to achieve normality 
(Williamson and Gaston 1999).  (2) “Corrected range change”: The dataset showed an 
approximate doubling of recording effort between the 1980s (13,188 records for the species 
investigated here) and the 2000s (26,239 records). We therefore calculated a relative range 
change index which measured the difference in the observed range change of each species 
relative to the mean observed change for the whole taxonomic group, thus accounting for 
overall changes in recording effort (albeit at the cost of providing a purely relative measure) 
(Telfer et al. 2002). The index was calculated by fitting a linear regression of the logit-
transformed proportions of “surveyed squares” occupied by species in the 2000s vs. the 
1980s; the standardised residuals of this regression were defined as the relative index. This 
“corrected range change” (“Telfer”) has been shown to be robust to multiple potential biases 
in recording, if rather conservative (Isaac et al. 2014). In order to further check that observed 
range changes were genuine and not influenced unduly by large one-off population 
fluctuations we plotted annual relative numbers of hectads recorded per species over the 
entire study period 1980-2009 for species with large range change values. 
 
Grasshopper, cricket and bush-cricket species native to Britain were included in the analyses; 
species occupying fewer than five hectads in the 1980s were excluded, because for the 
rarest species small changes in distribution or recording may affect trend calculations 
disproportionately (Telfer et al. 2002). This left a total of 23 species for the present study 
(Table 3.1). 
 
3.3.2 Species traits 
A database of British grasshopper and related species traits covering habitat and resource 
use, life history, dispersal ability, and distribution was compiled to address the hypotheses of 
factors affecting range change outlined in the introduction (Tables 3.1 and 3.2).  
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Table 3.1. Species traits, range sizes, and “uncorrected range change” and “corrected range change” values. 
species habitat and resource use life history 
dispersal 
ability 
distri-
bution 
raw grid square counts, percentage changes & range 
change measures (based on “surveyed squares” with 
at least 1 species recorded) 
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Meconema thalassinum Oak bush-cricket 4 T V not_H 15.0 HO E 7.75 L 0.043 51.70 315 294 -7 -0.11 -0.34 -0.41 
Tettigonia viridissima Great green bush-cricket 3 M G not_H 32.5 H E 7.5 L 0.043 51.01 139 125 -10 -0.13 -0.43 -0.39 
Pholidoptera griseoaptera Dark bush-cricket 5 T V not_H 17.5 HO E 7.5 S 0.001 51.45 405 401 -1 -0.02 -0.19 -0.18 
Platycleis albopunctata Grey bush-cricket 2 M GV not_H 20.0 O E 7.25 L 0.038 50.67 52 49 -6 -0.06 -0.43 -0.16 
Metrioptera brachyptera Bog bush-cricket 1 M V not_H 15.0 H E 7.5 D 0.107 51.69 74 68 -8 -0.09 -0.44 -0.26 
Metrioptera roeselii Roesel’s bush-cricket 6 M V not_H 16.5 HO E 6.75 D 0.118 51.65 71 332 +368 1.95 2.31  
Conocephalus discolor Long-winged conehead 10 M V not_H 19.0 O E 7.75 D 0.042 50.82 46 378 +722 2.63 3.23  
Conocephalus dorsalis Short-winged conehead 6 M V not_H 14.5 O E 7.75 D 0.089 51.50 137 213 +55 0.55 0.48 1.53 
Leptophyes punctatissima Speckled bush-cricket 4 T V H 13.5 HO E 7.75 S 0.001 51.41 337 424 +26 0.42 0.39 1.10 
Nemobius sylvestris Wood cricket 2 T G not_H 8.5 H not_E 6.0 S 0.015 50.82 18 19 +6 0.05 -0.36 0.24 
Tetrix ceperoi Cepero’s groundhopper 5 S GV H 9.0 O not_E 5.0 L 0.130 50.84 25 27 +8 0.08 -0.30 0.29 
Tetrix subulata Slender groundhopper 7 S GV H 10.0 O not_E 4.25 D 0.127 51.54 171 282 +65 0.68 0.67 1.87 
Tetrix undulata Common groundhopper 9 S GV H 9.0 O not_E 3.75 D 0.137 51.78 309 298 -4 -0.06 -0.27 -0.26 
Stethophyma grossum Large marsh grasshopper 2 M GV H 27.0 O E 7.75 L 0.022 50.89 14 7 -50 -0.67 -1.40 -1.90 
Stenobothrus lineatus Stripe-winged grasshopper 4 S GV H 20.5 O E 6.25 L 0.020 51.30 68 72 +6 0.06 -0.24 0.18 
Omocestus rufipes Woodland grasshopper 1 M G H 16.5 O E 6.0 L 0.035 50.97 49 37 -24 -0.29 -0.74 -0.81 
Omocestus viridulus Common green grasshopper 8 M GV H 18.5 O E 5.75 L 0.027 52.25 402 350 -13 -0.25 -0.51 -0.85 
Chorthippus brunneus Field grasshopper 7 S G H 19.0 O E 5.75 L 0.033 51.90 553 500 -10 -0.27 -0.50 -0.98 
Chorthippus vagans Heath grasshopper 3 M G H 17.0 O E 7.25 L 0.027 50.75 6 6 0 0.00 -0.54 0.14 
Chorthippus parallelus Meadow grasshopper 14 M G H 18.0 O E 6.0 D 0.034 51.73 526 503 -4 -0.11 -0.29 -0.50 
Chorthippus albomarginatus Lesser marsh grasshopper 6 M GV H 18.0 O E 7.0 L 0.025 51.70 123 241 +96 0.85 0.87 2.37 
Gomphocerippus rufus Rufous grasshopper 5 M G H 19.0 O E 7.75 L 0.023 51.23 27 25 -7 -0.08 -0.51 -0.17 
Myrmeleotettix maculatus Mottled grasshopper 7 S G H 14.0 O E 5.75 L 0.040 52.15 206 157 -24 -0.34 -0.70 -1.04 
For definitions of traits see Table 3.2, for details of calculation of range change measures see text. 
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Table 3.2. Definitions of species traits and sources of information. 
 trait definition source 
habitat and 
resource use 
(i) 
breadth of 
habitat use 
total number of habitat types known per species (mean ± s.d. = 5.3 ± 3.1); log-transformed summary table of habitats in (Evans and Edmondson 2007) 
(ii) 
preferred 
vegetation 
structure 
typical vegetation height of species’ habitats: “Short”: open ground, short vegetation <=20cm (6 
species). “Medium”: medium or long herbaceous vegetation >20cm, patchy, early succession 
scrub (13 species). “Tall”: woodland, trees, hedgerows and medium or late succession scrub (4 
species). 
“habitat” sections of species accounts in (Benton 2012); the 
categories in the present study summarise those in (Oschmann 
1991): “Tall” = V1-V5, “Medium” = V6-V8, “Short” = V9. 
(iii) 
oviposition 
site 
“Ground”: eggs laid exclusively in the ground (8 species). “Vegetation”: eggs laid exclusively in 
vegetation (7 species). “Ground or vegetation”: eggs laid in ground or vegetation (8 species). The 
latter are species which oviposit at the soil surface or at the base of plants. 
“life cycle” sections of species accounts in (Benton 2012) 
(iv) diet 
preferred food of each species: “herbivorous” (14 species) “not herbivorous” i.e. omnivorous or 
carnivorous (9 species) 
species accounts in (Benton 2012) and (Marshall and Haes 
1988) 
life history 
(v) 
mean body 
size 
mean of minimum and maximum body lengths excluding wings (mean ± s.d. = 16.9 ± 5.9mm); log-
transformed 
species accounts in (Detzel 1998) 
(vi) 
number of 
generations 
per year 
“One”: species requires one year to mature (16 species). “Half”: species always requires at least 
two years to mature (3 species). “Half or One”: species may develop in one or more years (4 
species) 
“life cycle” sections of species accounts in (Benton 2012). 
(vii) 
winter 
stage 
developmental stage in which the species overwinters: “Egg” (19 species). “Not egg” (i.e. nymph 
or adult) (4 species) 
“life cycle” sections of species accounts in (Benton 2012) 
(viii) phenology 
time of year when adults first appear, to the nearest quarter of a month (mean across species = 
6.6, i.e. in the third quarter of June; s.d. = 1.2, i.e. just over one month) 
“life cycle” sections of species accounts in (Benton 2012) 
dispersal 
ability 
(ix) 
wing 
morph 
“Short”: wings never reach to end of abdomen and species is always flightless (3 species). “Long”: 
wings may reach to end of abdomen or beyond (and species does not display wing-length 
dimorphism) (13 species). “Dimorphic”: species exhibits wing-length dimorphism (7 species) 
species accounts in (Benton 2012) 
(x) wing load 
ratio of the square of a species’ mean wing length (in mm) to the cube of a species’ mean body 
length (in mm) as calculated in (v) above. Square of wing length was used as proxy for wing area, 
and cube of body length as proxy for body mass (Dudley 2002), since actual measurements were 
not available in the literature for all species (mean ± s.d. = 0.051 ± 0.043) 
species accounts in (Marshall and Haes 1988). No wing length 
measurements were available for Tetrix species; for these, 
pronotum lengths in (Detzel 1998) were used instead, which 
approximate hind wing length (Benton 2012). For wing-
dimorphic species, wing lengths of macropters were used. 
distribution (xi) 
average 
latitude 
average latitude of hectads occupied by a species in 1980-9; only “surveyed squares” with at least 
one species recorded in both 1980-9 and 2000-9 were considered (mean ± s.d. = 51.38 ± 0.46 
degrees north) 
calculated from Orthoptera Recording Scheme distribution 
dataset (Orthoptera Recording Scheme 2013a, b) 
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To avoid potential problems with collinearity between explanatory variables, correlations 
between traits were investigated using a method employed by (Pocock et al. 2006): 
Pearson's correlation tests were calculated between continuous variables, Kendall's 
correlation tests between categorical variables, and Kruskal-Wallis tests between continuous 
and categorical variables. A sequential Bonferroni correction was applied in order to account 
for the large number of tests conducted (55) (Holm 1979). No significant correlations were 
found. 
 
To investigate the relationships between distribution changes and species traits we fitted 
Generalised Linear Models (GLMs) with Gaussian errors, using first “uncorrected range 
change” as dependent variable and then repeating analyses with “corrected range change” 
values. In order to understand the relative importance of different traits in driving 
distribution changes we took a multi-model inference approach, fitting all possible 
combinations of trait variables, selecting a set of top models by Akaike information criterion 
(AIC), and averaging the coefficients and standard errors of trait variables across these 
(Akaike 1974, Burnham and Anderson 2002): We fitted GLMs for all 2,047 combinations of 
the 11 explanatory trait variables and calculated AIC values and differences to the best 
model with the lowest AIC (ΔAIC). Models with ΔAIC < 4 were selected as the top set for 
which there was considerable statistical support (Burnham and Anderson 2002). The 
percentages of top models in which each trait occurred were then calculated. In order to 
measure the relative importance of each trait, AIC values were transformed to “Akaike 
weights” (Burnham and Anderson 2002, Wagenmakers and Farrell 2004), and using these 
weights, means of trait coefficients across top models were calculated with the 
“weighted.mean” function in R. Weighted mean standard errors of coefficients were 
calculated using the following formula adapted from (Burnham and Anderson 2002):  
𝑆𝐸(𝑏𝑎𝑙𝑙) =  ∑ 𝑤𝑖
𝑛
𝑖=1
√[𝑆𝐸(𝑏𝑖)]2 + [𝑏𝑖 − 𝑏𝑎𝑙𝑙]2 
where n is the number of models, wi is the Akaike weight of model i, SE(bi) is the standard 
error of coefficient b in model i, and ball is the weighted mean of all coefficients b. Akaike 
weights were scaled so that their sum equalled 1 for each predictive variable, i.e. wi values 
were divided by the sum of Akaike weights of all models which included the variable whose 
mean standard error was to be calculated. Confidence intervals (CI) across top models were 
then calculated by multiplying the weighted mean standard errors with factors of 1.96 (95% 
CI), 2.58 (99% CI) and 3.29 (99.9% CI) and adding / subtracting them from the weighted 
means of coefficients. Significance levels were assigned accordingly where the values did not 
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span zero (* for 95% CI, ** for 99% CI, *** for 99.9% CI). Throughout this part of the analysis, 
range change values calculated from the largest set of “surveyed squares” (with a minimum 
of one species recorded in both time periods, i.e. with the minimum adequate level of 
recording effort) were used as our primary measures, and results were then compared to 
those obtained with the other three sets of “surveyed squares” i.e. higher levels of recording 
effort, in order to assess the robustness of our findings. 
 
All analyses of relationships between distribution changes and species traits were also 
repeated with the exclusion of two species with particularly large range change values, 
Conocephalus discolor and Metrioptera roeselii (see below). 
 
To assess the validity of using Gaussian GLMs with our data we plotted normal quantile-
quantile plots of residuals of top sets of models and carried out Shapiro-Wilk tests for 
normality (Shapiro and Wilk 1965, Royston 1982). 
 
To assess the overall goodness-of-fit of top models the amount of deviance accounted for by 
each model was calculated:  
D2 = [null deviance - residual deviance] / null deviance 
This was adjusted to take into account the number of observations, i.e. species (s) and the 
number of predictors, i.e. traits (t) (Guisan and Zimmermann 2000, Weisberg 2013):  
adjusted D2 = 1-[(s-1)/(s-t)]*[1-D2] 
To give an overall fit of the top models, adjusted D2 values were averaged, weighted by AIC 
weights as with the model coefficients before. 
 
Fitted values of range change were extracted for the top models, and means weighted by 
model Akaike weights were calculated. 
 
We investigated the potential influence of phylogenetic autocorrelation, i.e. non-
independence of trait values due to relatedness between species, based on a method 
employed by (Comont et al. 2012). A “working phylogeny” (Grafen 1989) of the study species 
was drawn based on the taxonomy of the Orthoptera Species File (Eades et al. 2013) in the 
programme “Treemaker” (Crozier et al. 2005) with all branch segment lengths assumed to be 
equal (S 3.1 Fig.). A phylogeny may be approximated in this way based on taxonomic 
divisions where the true phylogeny is not (fully) known; assuming equal branch lengths and 
allowing more than two daughters per node reflects the lack of comprehensive detailed 
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knowledge about the order of splitting (Grafen 1989). The “working phylogeny” was 
exported in “nexus” format and imported into R. The expected covariance between species 
was calculated using the “vcv” function in the R package “ape” and Moran’s I autocorrelation 
indices were calculated on the residuals of each of the top models using the “Moran.I” 
function. Moran’s I can take values from −1 (perfect negative autocorrelation) to +1 (perfect 
positive autocorrelation), with values around zero indicating independence of residuals 
between related species (Moran 1950, Paradis et al. 2004, Paradis 2011). Where Moran’s I 
indices were significant or near-significant, phylogenetically corrected models were fitted 
using the “pgls” function in the R package “caper” (Freckleton et al. 2002, Orme et al. 2013); 
as with GLMs before, models were initially fitted to all possible combinations of trait 
variables and results were then averaged across a set of top models with ΔAIC<4. 
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3.4 Results 
3.4.1 Range changes 
Our analysis of grasshopper and related insect range changes in Britain between the 1980s 
and 2000s showed moderate or large range size increases for a few species, with range size 
decreases for a smaller number, and less or no consistent change for the remaining majority 
of species.  The species with the largest positive range changes were Conocephalus discolor, 
Metrioptera roeselii, Chorthippus albomarginatus and Tetrix subulata; those with the largest 
range size decreases were Stethophyma grossum and Myrmeleotettix maculatus (Fig. 3.2). 
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Fig. 3.2. Range changes of grasshoppers and related species in Britain between 1980-9 and 
2000-9.   
The figure shows “uncorrected” and “corrected range change” values for four levels of 
recording effort – i.e. based on four sets of “surveyed squares” with a minimum of 1 to 4 
grasshopper or related species recorded in both time periods. Species are arranged in order 
of average uncorrected change. Note different y-axis scales. 
 
There was a very high degree of consistency of range change values both across levels of 
recording effort and between “uncorrected” and “corrected” range change measures 
(Pearson’s r = 0.975 or greater, across all sets of range change values; Fig. 3.3, Table 3.3, S 
3.1 Table). 
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Fig. 3.3. Grasshopper and related species range sizes in 1980-9 and 2000-9 and calculation 
of range change measures.  
The figure plots range sizes in 1980-9 vs. 2000-9 (as logit-transformed proportions of squares 
occupied) for four levels of recording effort. “Uncorrected range change” was defined as the 
absolute change in range size, i.e. residual distances from the (black) 1:1 unity lines. 
“Corrected range change” was defined as change in range size relative to the mean change 
across species, i.e. as the (standardised) residual distances from the linear regression lines 
(solid grey for all species, dashed grey for species excluding the two with particularly large 
range change values, C. discolor and M. roeselii). 
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Table 3.3. Correlation between range change values.  
   “uncorrected range 
change” 
“corrected range change” 
  
 
level of recording effort 
(minimum number of 
species recorded in 
“surveyed squares”) 
 
level of recording effort 
(minimum number of 
species recorded in 
“surveyed squares”) 
   2 3 4 1 2 3 4 
“uncorrected 
range 
change” 
level of recording 
effort (minimum 
number of species 
recorded in “surveyed 
squares”) 
1 0.996 0.992 0.983 0.994 0.989 0.985 0.975 
2  0.998 0.993 0.99 0.994 0.991 0.986 
3   0.995 0.983 0.988 0.989 0.984 
4    0.975 0.985 0.986 0.991 
“corrected 
range 
change” 
level of recording 
effort (minimum 
number of species 
recorded in “surveyed 
squares”) 
1     0.996 0.993 0.982 
2      0.998 0.992 
3       0.995 
Pearson’s correlation test values between “uncorrected” and “corrected range change” and 
four levels of recording effort. 
 
Plots of annual relative numbers of hectads recorded per species showed trajectories 
consistent with our calculated range change values, and none of these annual series were 
indicative of a one-off population outbreak (S 3.2 and S 3.3 Figs.). 
 
Two species, Conocephalus discolor and Metrioptera roeselii had undergone particularly 
large range changes compared to the other species (Fig. 3.2). In terms of the observed values 
of range change, they were statistical outliers (Grubbs’ test for outliers: C. discolor (G = 3.25, 
p = 0.0018) and M. roeselii (G = 3.43, p = 0.0004) for “uncorrected range change”, recording 
effort level 1). There were equivalent test results for all levels of recording effort and both 
range change measures (S 3.2 Table). As a matter of caution, therefore, the subsequent traits 
analysis was repeated with the exclusion of C. discolor and M. roeselii, and results compared 
to those for all species. As detailed below, however, on the basis of the residuals of the trait-
based models these species were not statistical outliers so we present and discuss both sets 
of results. 
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3.4.2 Species traits, results for all species 
The analysis of relationships between distribution changes and species traits for all species 
showed three traits to be significantly associated with changes in range for both range 
change measures (Table 3.4). Firstly, habitat breadth: species that used a greater number of 
habitats had increased their ranges to a significantly greater extent than those which 
occurred in fewer habitats (or vice versa) (slope b=1.38 for uncorrected range change, 
b=1.95 for corrected range change, p<0.01 for both). This trait was included in 100% of top 
models with ΔAIC<4 (top models comprised a set of 47 models for uncorrected, and 53 
models for corrected range change). Secondly, oviposition site: for species that oviposited in 
vegetation, range size increased significantly more than for species that oviposited either in 
the ground or in the ground or vegetation (or vice versa) (b=1.07 / b=0.98 for uncorrected, 
and b=1.47 / b=1.35 for corrected range change, p<0.01 / p<0.05 for both). The oviposition 
site trait was also included in 100% of top models. The third significant association showed 
that for species occurring at greater average latitude (i.e. species whose distributions 
extended further northwards) range size decreased to a greater extent than for species with 
more southern average latitudes (or conversely, for species with more southern average 
latitudes range sizes had increased significantly more) (b=-0.76 for uncorrected, b=-0.90 for 
corrected range change, p<0.05 for both). This trait was included in 100% and 98% of top 
models for uncorrected and corrected range change respectively. 
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Table 3.4. Impacts of species traits on distribution changes of British grasshoppers and 
crickets (all species) between the 1980s and 2000s. 
  “uncorrected range change” “corrected range change” 
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(Intercept)  100 39.09 16.36 * 100 45.17 22.48 * 
habitat and 
resource 
use 
(i) breadth of habitat use 100 1.38 0.48 ** 100 1.95 0.64 ** 
(ii) vegetation structure: 45    45    
 short vs. medium  -0.25 0.38 n.s.  -0.35 0.53 n.s 
 short vs. tall  0.49 0.55 n.s.  0.56 0.73 n.s 
 medium vs. tall  0.74 0.44 n.s.  0.91 0.57 n.s 
(iii) oviposition site: 100    100    
 vegetation vs. ground  1.07 0.38 **  1.47 0.51 ** 
 vegetation vs. ground or 
vegetation 
 0.98 0.42 *  1.35 0.58 * 
 ground vs. ground or vegetation  -0.09 0.29 n.s.  -0.12 0.39 n.s 
(iv) diet: 21    26    
 herbivorous vs. not herbivorous  -0.08 0.35 n.s.  -0.18 0.47 n.s 
life history 
(v) mean body size 26 -0.50 1.29 n.s. 26 -0.26 1.78 n.s 
(vi) generations per year: 11    9    
 one vs. half  -0.32 0.48 n.s.  -0.45 0.64 n.s 
 one vs. half or one  -0.21 0.67 n.s.  -0.25 0.88 n.s 
 half vs. half or one  0.12 0.62 n.s.  0.20 0.82 n.s 
(vii) winter stage: 28    30    
 egg vs. not egg  0.01 0.63 n.s.  0.13 0.91 n.s 
(viii) phenology 30 -0.17 0.21 n.s. 38 -0.26 0.29 n.s 
dispersal 
ability 
(ix) wing morph: 21    19    
 short vs. long  0.12 0.78 n.s.  0.22 1.06 n.s 
 short vs. dimorphic  -0.14 0.92 n.s.  -0.18 1.19 n.s 
 long vs. dimorphic  -0.27 0.42 n.s.  -0.40 0.53 n.s 
(x) wing load 40 0.32 0.32 n.s. 38 0.39 0.46 n.s 
distribution (xi) average latitude 100 -0.76 0.32 * 98 -0.90 0.43 * 
 
Summary of results for sets of top GLM models with ΔAIC<4 (47 models for “uncorrected 
range change”, and 53 models for “corrected range change”). The importance of traits is 
indicated by the frequency with which they are included in the top model set (% included), 
and by their weighted mean coefficients, standard errors and significance levels. Significance 
levels: *= p<0.05, **=p<0.01. Results given are for minimum adequate recording effort, i.e. 
for “surveyed squares” with a minimum of 1 species recorded in both 1980-9 and 2000-9. 
Results were highly consistent across all levels of recording effort and both range change 
measures, with the same three significant associations found in each case, and significant 
traits included in similar percentages of top models. Since there were no differences 
between results with different levels of recording effort, only those for minimum adequate 
levels of recording effort are presented. 
 
  
Chapter 3 – Influence of species traits on responses to environmental change 
108 
Normal quantile-quantile plots and Shapiro-Wilk tests of residuals of the top sets of models 
revealed very little deviation from normality: tests had a median p-value of 0.410 for 
“uncorrected range change”, and a median p-value of 0.418 for “corrected range change”, 
with between 98% and 100% of top models showing no significant deviation from normality 
(p>=0.05) across all levels of recording effort and both range change measures (S 3.3 Table). 
We therefore concluded that using Gaussian GLMs with our data was valid in this respect. 
 
Similarly, the analysis of phylogenetic autocorrelation in the top GLMs by calculation of 
Moran’s I indices yielded low, non-significant index values for between 95% and 100% of top 
models for both range change measures and all levels of recording effort (S 3.4 Table). 
Subsequent fitting and selection of phylogenetically corrected “pgls” models did not change 
the results obtained with non-phylogenetic GLMs: The same numbers of top models were 
selected, with the same predictors and virtually identical coefficient and p-values as in GLMs 
(S 3.5 Table). Lambda values were consistently estimated as the default minimum permitted 
in the pgls function, 1x10-6. We therefore concluded that these results were indicative of a 
low phylogenetic signal and hence the analysis with non-phylogenetically-corrected GLMs 
was robust. 
 
Calculation of adjusted D2 values showed fairly high overall goodness-of-fit across top 
models with all species: the weighted means of adjusted D2 values were 0.54 (minimum 
0.03, maximum 0.59) and 0.56 (minimum 0.03, maximum 0.61) for “uncorrected” and 
“corrected range change” respectively. These were the values for the minimum adequate 
level of recording effort, and very similar ones were obtained for higher levels of recording 
effort (S 3.6 Table). 
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3.4.3 Species traits, results excluding Conocephalus discolor and Metrioptera 
roeselii 
When the analysis of the relationships between distribution changes and species traits by 
GLMs was repeated for all species excluding the two species with particularly large range 
changes, Conocephalus discolor and Metrioptera roeselii, no traits were found to be 
significantly associated with changes in range for either measure of range change (Table 3.5). 
 
Table 3.5. Impacts of species traits on distribution changes of British grasshoppers and 
crickets (excluding Conocephalus discolor and Metrioptera roeselii) between the 1980s and 
2000s. 
  “uncorrected range change” “corrected range change” 
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(Intercept)  100 0.98 3.12 n.s. 100 3.71 8.94 n.s. 
habitat and 
resource 
use 
(i) breadth of habitat use 49 0.38 0.30 n.s. 47 0.97 0.88 n.s. 
(ii) vegetation structure: 3    5    
 short vs. medium  -0.13 0.24 n.s.  -0.31 0.73 n.s. 
 short vs. tall  -0.01 0.30 n.s.  0.16 0.93 n.s. 
 medium vs. tall  0.12 0.25 n.s.  0.46 0.71 n.s. 
(iii) oviposition site: 24    22    
 vegetation vs. ground  0.24 0.24 n.s.  0.56 0.73 n.s. 
 vegetation vs. ground or 
vegetation 
 0.04 0.26 n.s.  -0.01 0.79 n.s. 
 ground vs. ground or vegetation  -0.20 0.18 n.s.  -0.57 0.51 n.s. 
(iv) diet: 20    18    
 herbivorous vs. not herbivorous  -0.03 0.19 n.s.  -0.06 0.53 n.s. 
life history 
(v) mean body size 59 -1.06 0.72 n.s. 67 -3.24 2.08 n.s. 
(vi) generations per year: 2    4    
 one vs. half  0.02 0.24 n.s.  0.17 0.70 n.s. 
 one vs. half or one  0.04 0.27 n.s.  0.29 0.80 n.s. 
 half vs. half or one  0.02 0.34 n.s.  0.12 0.94 n.s. 
(vii) winter stage: 32    33    
 egg vs. not egg  -0.21 0.36 n.s.  -0.68 1.04 n.s. 
(viii) phenology 38 0.12 0.11 n.s. 42 0.38 0.31 n.s. 
dispersal 
ability 
(ix) wing morph: 15    8    
 short vs. long  0.18 0.28 n.s.  0.43 0.74 n.s. 
 short vs. dimorphic  -0.07 0.31 n.s.  -0.17 0.77 n.s. 
 long vs. dimorphic  -0.25 0.20 n.s.  -0.60 0.58 n.s. 
(x) wing load 18 -0.03 0.17 n.s. 18 -0.05 0.45 n.s. 
distribution (xi) average latitude 25 -0.05 0.23 n.s. 24 -0.21 0.64 n.s. 
Summary of results for sets of top GLM models with ΔAIC<4 (95 models for “uncorrected 
range change”, and 79 models for “corrected range change”). The importance of traits is 
indicated by the frequency with which they are included in the top model set (% included), 
and by their weighted mean coefficients, standard errors and significance levels. Results 
given are for minimum adequate recording effort, i.e. for “surveyed squares” with a 
minimum of 1 species recorded in both 1980-9 and 2000-9. 
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As before in the analysis with all species, results were highly consistent across all levels of 
recording effort and both range change measures, therefore only the results for minimum 
adequate levels of recording effort are presented. Residuals were normally distributed 
indicating that the analysis with Gaussian GLMs was robust (S 3.3 Table). There were 
significant results for Moran’s I phylogenetic autocorrelation indices for up to about half of 
the top models, but index values were low throughout (S 3.4 Table). In addition, subsequent 
fitting of phylogenetically corrected pgls models did not change the results obtained with 
non-phylogenetic GLMs (S 3.7 Table), and lambda values were consistently estimated as the 
default minimum permitted in the pgls function, 1x10-6. We therefore concluded that the 
analysis with non-phylogenetically-corrected GLMs was robust. 
 
Goodness-of-fit was drastically reduced for models that excluded the two species with 
particularly large range changes compared to models with all species: the weighted means of 
adjusted D2 values were 0.12 (minimum 0.00, maximum 0.24) for both range change 
measures and were very similar across all levels of recording effort (S 3.6 Table). 
 
For models with all species, despite a good average correspondence between observed and 
fitted range change values, there were large residuals for some species (Fig. 3.4). For models 
including all species, the species that had the largest positive differences between observed 
and fitted values (i.e. most underestimated by the models) were Chorthippus 
albomarginatus, M. roeselii and C. discolor; those with the largest negative differences (i.e. 
range changes most overestimated by the models) were Conocephalus dorsalis, Chorthippus 
parallelus and Stethophyma grossum. For models excluding C. discolor and M. roeselii the 
species with the largest positive differences were again C. albomarginatus and also Tetrix 
subulata, those with the largest negative differences were again S. grossum and also 
Myrmeleotettix maculatus. Results were very similar across measures of range change and 
levels of recording effort (S 3.8 Table). 
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Fig. 3.4. Observed vs. fitted range change values.  
Values for “uncorrected range change”, recording effort level 1. Fitted values are weighted means across the set of top GLM models with ΔAIC<4. The dashed unity line 
indicates equality of observed and fitted values. Species with the largest residuals have been labelled.
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3.5 Discussion 
Considerable distributional changes have occurred among British grasshoppers and related 
species in recent decades. Our analysis provides interesting indications as to which 
combination of traits is responsible for the particularly large range expansions of two 
species, C. discolor and M. roeselii. No effects were found and model fits dropped sharply 
when as a matter of caution these two species were omitted, and conclusions about the 
importance of specific traits therefore had limited relevance to the remaining species. 
Limited predictive and explanatory power is a common feature of traits analyses in the 
literature – while a number of studies find significant associations, the variation explained is 
generally low, and the traits that are identified for a taxonomic group may vary between 
studies (Simberloff 2009, Angert et al. 2011, Pocock 2011, Buckley and Kingsolver 2012, 
Powney et al. 2014). It is likely that characteristics of species beyond those examined explain 
additional variation, e.g. physiology, trophic relationships, or interactions between traits, but 
this remains to be demonstrated and will require more information than is currently 
available. For example, there is limited data on physiological tolerances and quantitative 
importance of food-web interactions for grasshoppers and relatives (Ingrisch and Köhler 
1998, Benton 2012). Additional constraints of our study were the small number of species 
(23), which meant that for traits with few species in individual categories there was limited 
statistical power, and the necessity to employ conservative range change measures which, 
while robust, are unable to detect small distributional changes, or indeed more subtle 
changes in abundance. In the discussion of the findings of the traits analysis we restrict 
application mainly to C. discolor and M. roeselii because they have a dominant effect on 
results. 
 
3.5.1 Range changes 
Both our measures of range change, “uncorrected” and “corrected”, control for spatial 
variation in recording and the latter measure is also robust to overall changes in recording 
effort and multiple other biases (Isaac et al. 2014). Given this and the very close correlation 
of values across both range change measures and all levels of recording effort (Table 3.3), we 
are confident that they are robust, if conservative, estimates of range change. 
 
In Britain, those grasshoppers and crickets which have restricted ranges are generally 
confined to the south or south-east, i.e. they are limited to the warmer and drier regions and 
have a range margin towards the north or north-west, presumably due to physiological 
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constraints (Benton 2012). Consequently, where range expansions occurred, they proceeded 
in predominantly northerly and westerly directions. For example, this can be clearly seen in 
the two species with the greatest range increases in this study, C. discolor and M. roeselii 
(Fig. 3.5). Such north- or northwest-ward range expansions are also consistent with a climatic 
explanation (see discussion of average latitudes below). 
 
 
Fig. 3.5. Range expansions of Conocephalus discolor and Metrioptera roeselii in Britain 
between 1980 and 2009.  
The figure shows years of first records of the species in each hectad. N.B.: The maps are 
based on the dataset retrieved from the Orthoptera Recording Scheme database for the 
present study (in 2013). 
 
Populations of grasshoppers and crickets may undergo large fluctuations in density from 
year to year, for example in response to variations in abiotic factors such as temperature and 
precipitation, with densities varying by factors of up to 5 or 10 or even more between 
successive years (Ingrisch and Köhler 1998). These fluctuations in density may in turn lead to 
fluctuations in distributions, particularly at small scales (Hanski 1999). If fine-scale records of 
individual years were to be compared, therefore, erroneous conclusions might be reached 
about changing distributions. Here, we summarised records at a coarse spatial scale 
(10x10km squares), and examined distribution changes across whole decades (1980s vs. 
2000s) (Telfer et al. 2002, Hickling et al. 2006). We are confident, therefore, that any 
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substantial range changes observed reflect genuine change. Comparison of trajectories of 
change between decades with those inferred from annual series of records over the entire 
study period 1980-2009 confirm that large observed range changes are genuine, cumulative, 
and sustained and are not artefacts of one-off fluctuations or outbreaks (S 3.2 and S 3.3 
Figs.). 
 
3.5.2 Species traits 
Our all-species traits analysis found three species traits to have significant effects on range 
changes between the 1980s and 2000s (Table 3.4). The observed significant positive effect of 
the number of habitats that a species utilises on its ability to extend its distribution has been 
documented in several species groups and is consistent with the notion that under 
conditions of environmental change species with a broad ecological niche are more likely to 
be able to find suitable resources in the landscape than specialists (Warren et al. 2001, 
Reinhardt et al. 2005, Gallagher et al. 2015). The species with the largest range size increases 
in our study, the bush-crickets C. discolor and M. roeselii are both habitat generalists 
occurring in many long-grass habitats. Both are likely to have benefited from “set-aside”, i.e. 
the large areas of agricultural land left untilled in the 1990s and 2000s under farming policy, 
and field margins taken out of production under the subsequent “agri-environment 
schemes”; in addition they occur along lightly managed roadsides, railway lines and flood 
defences, whose linear nature may have further enhanced connectivity of suitable habitats 
(Gardiner 2009, Benton 2012). Potential links between the number of habitats species can 
exploit and climate warming are discussed below. 
 
The second finding of our all-species traits analysis – a significant effect of oviposition site, 
with species which lay their eggs in vegetation increasing their ranges more than species that 
oviposit in the ground or at the ground-vegetation interface – may be related to land use 
changes and their effects on microclimates. Britain’s large-scale “Countryside Survey 2007” 
found many indications of reduced management, and nutrient enrichment in some habitats, 
both in the short (since 1998/1990) and longer term (since 1978), with vegetation becoming 
taller, more shaded and less diverse (Carey et al. 2008). The recently published second atlas 
of mosses and liverworts in Britain documents particular declines for species of low-nutrient 
lowland habitats (Blockeel et al. 2014). Notwithstanding localised decreases in vegetation 
height through factors such as increasing rabbit populations (Harris and Yalden 2008) and 
targeted habitat management, therefore, it is possible that suitable microclimates for insects 
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that oviposit in the ground have generally decreased, despite climatic warming. At the same 
time, species that oviposit in vegetation including the two with the largest range size 
increases in the present study, M. roeselii and C. discolor, may have benefited from climatic 
warming without suffering negative effects from increases in vegetation height. Conversely, 
the mottled grasshopper Myrmeleotettix maculatus has shown one of the largest declines in 
our study; it oviposits in the soil and is a specialist of short vegetation and bare ground 
exposed to the sun and is likely to be very vulnerable to succession and nutrient enrichment 
(Marshall and Haes 1988, Benton 2012). The importance of short vegetation or open ground 
for oviposition have been highlighted for other taxa such as bumblebees (Carvell 2002), 
butterflies (Thomas et al. 2009), moths (Fox et al. 2014) and indeed recently for 
grasshoppers and relatives with an explicit link to a negative effect of nutrient enrichment 
(Hendriks et al. 2013). 
 
The third finding of our all-species traits analysis was a significant positive effect of low 
(southerly) average latitude of a species’ distribution on range size. This is consistent with a 
positive effect of climatic warming over the study period 1980-2009: Being on their northern 
range edge, species with low average British latitudes such as M. roeselii and C. discolor are 
likely to be thermally constrained, i.e. their distributions limited by their minimum 
physiological requirements for warmth. Under a warming climate they are therefore 
expected to expand their ranges into previously unsuitable areas; such changes have been 
observed for multiple species groups (Perry et al. 2005, Hickling et al. 2006, Chen et al. 
2011). Consistent with this explanation, M. roeselii and C. discolor have also been extending 
their ranges in continental Europe (Kleukers et al. 1996, Burton 2003, Poniatowski et al. 
2012). There is a possibility that due to the concentration of “surveyed squares” in southern 
Britain (Fig. 3.1) it is easier to detect change in the more thermally limited species that occur 
at low average latitudes. However, it is unlikely that range changes of the magnitude 
observed here (in excess of 300%) would be missed even in regions with low recording 
intensity. In addition, expanding species would be expected to increase their distributions 
even away from the immediate range margin through “infill” ((Wilson et al. 2004), and see 
next paragraph). 
 
An interesting aspect of species’ responses to climatic warming is the interaction with 
habitat breadth: populations located near species’ thermal limits are often confined to fewer 
habitats than elsewhere in their range (presumably to those which provide optimum 
microclimatic conditions) (Oliver et al. 2009). Climatic warming should therefore increase the 
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range of habitats available to them (“ecological release”), and instances of this have been 
documented  (Thomas et al. 2001, Davies et al. 2006), although other studies have failed to 
find such an effect, presumably because of concurrent habitat deteriorations due to other 
factors (Oliver et al. 2012). There is anecdotal evidence that C. discolor and M. roeselii (and 
the species with the third largest positive range change in our study, Chorthippus 
albomarginatus) have increased the numbers of habitats they utilise in Britain during their 
recent range expansions (Evans and Edmondson 2007, Benton 2012), but no specific studies 
have been carried out and the observed changes may be density-dependent or determined 
by land-use changes rather than climate-driven. Some of Britain’s rarest grasshoppers and 
relatives are very specialised here but occur in a wider range of habitats away from the edge 
of their range, in continental Europe, for example the species with the largest range 
contraction in our study, Stethophyma grossum (Detzel 1998, Benton 2012). It may be that 
continued climatic warming will aid conservation of such species in Britain by allowing them 
to occupy additional habitats, but this will depend on other conditions such as moisture 
levels also meeting the species’ requirements (Sutton 2007, 2008, Benton 2012). 
 
Another interesting mechanism by which climatic warming could aid range expansions is 
through increases in voltinism (Altermatt 2010). The development of M. roeselii (and that of 
a second species which has expanded its range, Leptophyes punctatissima) can take either 
one or two years (Table 3.1): eggs laid early in the season and / or in warm parts of the 
species’ range take one year to develop into adults, while eggs laid late or in cooler parts of 
the range overwinter twice before hatching (Deura and Hartley 1982, Ingrisch 1984). 
Increased temperatures could therefore halve generation times for parts of the populations 
of these species and so aid increases in numbers and range expansions. The number of 
generations per year is not identified as a significant trait in our analysis. This may be 
because the trait is too coarse to capture inter- and intra- specific variability in voltinism 
adequately: For example, Tettigonia viridissima (“half” a generation per year) may take two 
or more years to develop, and females of Chorthippus brunneus (“one” generation per year) 
exhibit seasonal and regional variability in the number of instars during development (four or 
five), with early and southerly eggs more likely to develop through five instars, producing 
larger and more fecund adults (Willott and Hassall 1998, Benton 2012). A further reason that 
we found no effect here may be that climatic warming may of course also aid reproduction 
in species such as C. discolor where no variation in voltinism is known to occur: warming may 
extend the breeding season, and increase metabolic rates and hence fecundity of adults 
(Willott and Hassall 1998). 
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In addition to the three traits discussed above, wing-length dimorphism is known to be a 
further very significant trait catalysing the rapid range expansion of M. roeselii and C. 
discolor: multiple studies suggest both species are expanding their ranges successfully 
through a combination of effective dispersal (aided by high numbers of macropterous 
individuals) and subsequent high reproductive rates (of brachypters); selection for increased 
dispersal at the advancing range margin appears to be reinforcing the process (Travis and 
Dytham 2002, Simmons and Thomas 2004, Gardiner 2009, Hochkirch and Damerau 2009, 
Poniatowski and Fartmann 2011c, Poniatowski et al. 2012). Wing-length is not identified as a 
significant predictor of range change in our analysis. Likely reasons for this include that other 
wing-dimorphic species have not expanded rapidly, and that our study did not take account 
of maximum proportions of macropters in populations, because the small total number of 
species did not allow a finer categorisation. In M. roeselii and C. discolor populations, 
macropters may reach very high proportions, while in most other wing-dimorphic species 
they are never more than rare (Marshall and Haes 1988, Detzel 1998, Benton 2012) and 
therefore presumably have little impact on rapid dispersal at the population level. 
 
Overall, it seems likely that a combination of favourable traits is required for species to have 
been able to expand their ranges under the climatic and land-use changes of recent decades. 
Wing-dimorphic species such as C. discolor and M. roeselii which combine effective dispersal 
through large numbers of macropters with a broad ecological niche and oviposition 
preferences suited to recent land-use change have benefited greatly from climatic warming 
and expanded their range rapidly. It is instructive to compare these species to others which 
share some but not all of these traits: For example, Conocephalus dorsalis is very similar to 
M. roeselii in all three traits identified as significant in our study (Table 3.1), but has 
expanded its range much less (Fig. 3.2). This may be because, while wing-dimorphic, it is not 
known to produce large numbers of macropters (Benton 2012). A lack of information on 
maximum proportions of macropters in our analysis may also explain why the range change 
for this species is overestimated by models, while it is underestimated for C. discolor and M. 
roeselii (Fig. 3.4). Another species, Chorthippus parallelus, has somewhat less in common 
with C. discolor and M. roeselii: it is a habitat generalist, is wing-dimorphic and can produce 
very large proportions of macropters (Marshall and Haes 1988, Detzel 1998), but it oviposits 
in the ground and has a higher average distributional latitude (Table 3.1); the range of this 
species seems in fact to have declined (Fig. 3.2). 
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3.6 Conclusions 
Long-term distributional datasets are a valuable resource that can inform research on 
species’ responses to environmental change. Our analysis showed large changes in 
distributions for some grasshoppers and crickets at the scale of a whole geographical region 
(Britain) between 1980 and 2009, a period of extensive climatic and land use change. Range 
changes were positively influenced by three species traits: habitat generalism, oviposition 
above ground in vegetation, and a southerly distribution. However, these findings applied 
mainly to the two species with the greatest increases in range only, C. discolor and M. 
roeselii, as no effects were found for a subset of species excluding them. Several previous 
studies on the rapid range expansion of these two species emphasised wing-length 
dimorphism as the key to their success, with the ability of populations to develop large 
proportions of long-winged (macropterous) individuals resulting in a high phenotypic 
plasticity of dispersal. Our findings suggest that dispersal is not the whole picture and that it 
is likely to be the combination of traits that these species possess that have enabled them to 
thrive under recent environmental changes. Differences in their traits, however, were not 
significant predictors of the range size changes of the remaining individual species. We 
conclude that trait-based analyses may contribute to the assessment of species responses to 
environmental change and may provide insights into underlying mechanisms, but results 
need to be interpreted with caution and may have limited predictive power, particularly 
where trait and population trend data is not extremely detailed and species numbers are 
low. Advances in species distribution and abundance monitoring, and assembly of more 
detailed and comprehensive trait data for example alongside the collection of distribution 
data (Purse et al. 2012) or through follow-up investigations on the findings of studies such as 
the present one, will be important for future improvements in assessing the consequences of 
environmental change. 
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4. Environmental stochasticity is a strong determinant of 
colonisation rate under climate change 
4.1 Abstract 
Many species are undergoing extensive distributional shifts in response to climate change. 
Globally, further warming of 1.6-2.1°C is expected by the end of the century. A detailed 
understanding of species’ responses to such changes is critical for conservation and 
adaptation, but many interspecific differences remain unexplained. One reason may be that 
most analyses have been based on trends in mean climate, not considering the effects of 
annual variation in weather, which are the conditions that individuals actually experience. 
For two bush-crickets (katydids) in Britain, I investigated (1) annual colonisation rates from 
1977 to 2012, based on long-term distribution monitoring data, and (2) numbers of 
dispersive long-winged (macropterous) individuals from 2008 to 2012, based on field 
surveys; and related both types of data to annual variation in weather variables. Seasonal 
weather significantly affected colonisation rates. There were interacting effects on 
colonisation rates of temperature and precipitation during the period of juvenile 
development for both species, with colonisation highest in years when April-July weather 
was both warm and wet. Colonisation rate was also positively associated with warm (and 
dry, for C. discolor) August-October periods, coincident with adult dispersal and 
reproduction. For C. discolor, there was some limited evidence for similar relationships 
between seasonal weather and the incidence of macropterous individuals, but for M. roeselii 
there was not. The findings suggest that annual variations in seasonal weather significantly 
influence range expansion rates, and that the study species, and potentially others, are likely 
to undergo waves of expansion in climatically favourable years. A stochastic dispersal pattern 
might increase the overall rate of expansion by concentrating dispersal events into waves, 
with greater numbers of colonists increasing the likelihood of successful establishment. 
Weather-dependent waves of dispersal may also be advantageous in fragmented 
landscapes, allowing species to persist in suitable habitat patches and invest in dispersal only 
sporadically and under favourable conditions. Taking into account species’ sensitivity to 
variations in seasonal weather should improve model fits to past climate-driven range 
changes and increase accuracy of model projections into the future. The results also highlight 
the importance of considering interactive effects of temperature and precipitation when 
examining species’ responses to climate variability. 
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4.2 Introduction 
Extensive distributional changes are being observed for many species in response to ongoing 
climatic changes (McCarty 2001, IPCC 2014). Rates of distribution change differ strongly 
between species, and while the understanding of species’ responses to climate is improving, 
the mechanisms underlying interspecific differences often remain unclear (Hickling et al. 
2006, Mair et al. 2012, Mason et al. 2015). This may be partly because most studies focus on 
impacts of changes in mean climatic conditions (Henry et al. 2014), particularly temperature, 
but neglect effects of annual variation in weather on range expansion processes, even 
though the latter are known to strongly affect population abundances of sensitive species 
(Pollard and Yates 1993, Roy et al. 2001, Wallis de Vries et al. 2011, Oliver et al. 2015b). The 
interactions between moisture and temperature are also rarely considered (Morecroft and 
Speakman 2015). 
A better understanding of the effects of annual variation in weather on range expansion 
processes is particularly important because, in addition to further warming of 1.6-2.1°C 
globally by the end of the century if emissions are reduced in line with the Paris Agreement, 
annual and seasonal variability in the weather is predicted to increase with more frequent 
and greater extremes (Wolff et al. 2014, Rogelj et al. 2016). Over the same period, winter 
precipitation in Britain is projected to increase by 10-30%, but summer precipitation to 
decrease by a similar amount (Murphy et al. 2009). Such changes are likely to be detrimental 
to many species if they cannot move or adapt successfully, while species that can may move 
large distances (Thomas et al. 2004a, Thomas et al. 2006). Differential responses of species 
are likely to alter community composition, with significant potential implications for 
conservation, ecosystem function and agricultural production.  
Range expansions are achieved by the combined effects of dispersal and population growth, 
both of which have the potential to be affected by variation in the weather. Variations in 
seasonal weather may strongly affect all three key stages of dispersal: emigration, transition 
and settlement (Clobert et al. 2012) and, in turn, affect colonisation and population 
persistence. Emigration from a native population is likely to be condition-dependent in many 
species, for example with a trigger being population densities approaching the local carrying 
capacity (Travis and Dytham 2012). Seasonal weather significantly influences population 
abundances and densities in many species (Pollard and Yates 1993, Roy et al. 2001) and is 
therefore likely to indirectly affect emigration in many cases, affecting both the number of 
potential emigrants (the source population size) and the propensity of each individual to 
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disperse. Such effects have been investigated in “wing-dimorphic” grasshoppers and crickets, 
i.e. species which have two distinct morphs with radically different wing lengths (Roff 1986), 
making it possible to identify dispersive individuals in the field. Wing-dimorphism has been 
observed in many insect groups, including grasshoppers and crickets, where it occurs in a 
considerable proportion of species: e.g. in 25 of 166 (15%) species in central Europe, and in 7 
of 32 (22%) species in Britain (Marshall and Haes 1988, Ingrisch and Köhler 1998). Such 
phenotypic plasticity – the development of different phenotypes from the same genotype 
under different environmental conditions – may be an adaptation to variable environments 
(Miner et al. 2005, Pigliucci 2005). In wing-dimorphic grasshoppers and crickets, 
development into the long-winged “macropterous” form is probably triggered primarily by 
high population densities during the juvenile stages, which in turn depend on factors 
including favourable weather such as warm temperatures (Marshall and Haes 1988, Ingrisch 
and Köhler 1998, Behrens and Fartmann 2004, Poniatowski and Fartmann 2009, 2011c).  
While plasticity influences development, individuals and populations potentially differ 
genetically in the environmental triggers required to stimulate development as dispersive 
phenotypes, and hence there is potential for evolution of increased dispersiveness at 
expanding range boundaries (Simmons and Thomas 2004). 
The transition phase of dispersal, i.e. movement between a natal site and an individual’s 
destination, may also be significantly affected by weather. For example, daily movement 
distances of grasshoppers were found to depend strongly on maximum daily temperatures 
(Walters et al. 2006), and dispersal distances of thistle seeds on wind speeds (Skarpaas and 
Shea 2007). For species with distinct dispersal morphs these tend to be capable of much 
greater dispersal distances than the non-dispersive morphs; e.g. in several wing-dimorphic 
bush-crickets (katydids) only the long-winged morphs are able to fly, and where both morphs 
fly macropters are capable of significantly longer flight than the shorter-winged 
“brachypters” (Roff 1986, Simmons and Thomas 2004, Poniatowski and Fartmann 2011b).  
Success or failure of the third phase of dispersal, settlement and establishment at a new site, 
can also strongly depend on weather conditions. Low initial numbers of individuals make 
new colonies vulnerable to stochastic extinctions through unfavourable weather, while spells 
of favourable weather may ensure successful establishment (Hanski 1999, Tack et al. 2015). 
Other factors important to this phase include species’ population dynamics at low densities, 
particularly the occurrence of Allee effects, i.e. negative effects of low population densities 
on individual fitness, including inbreeding (Kindvall et al. 1998, Travis and Dytham 2002, 
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Lockwood et al. 2013), and species’ ecological resource requirements such as habitat, and 
the spatial distribution of those resources (Hill et al. 2001, Clobert et al. 2012).  
As ectothermic insects, grasshoppers and crickets (Orthoptera) are excellent indicators for 
the effects of climatic change, particularly in grasslands and other open habitats (Willott and 
Hassall 1998). They can also constitute a large proportion of insect biomass in grassland 
ecosystems, giving them particular conservation significance for example as food for 
threatened farmland bird species (Curry 1994, Benton 2012). In the present study I 
investigated effects of annual variations in seasonal weather on the rapid range expansion 
over recent decades of two wing-dimorphic bush-crickets (Tettigoniidae), Conocephalus 
discolor (Long-winged Conehead) and Metrioptera roeselii (Roesel’s Bush-cricket), in Britain. 
Both species reach their north-western range margin in Britain: M. roeselii has a Eurosiberian 
temperate distribution, and C. discolor a Eurosiberian southern temperate distribution 
(Preston and Hill 1997, Beckmann et al. 2015). They are ecologically and biologically similar 
(Beckmann et al. 2015), so might be expected to have comparable responses to variations in 
seasonal weather. 
Effects of annual variations in seasonal weather on two metrics of the range expansion 
process were investigated, namely: (1) annual colonisation rates of each species between 
1977 and 2012, calculated from a long-term distribution monitoring dataset, and (2) 
numbers of long-winged (macropterous) individuals sampled in sites near the current or 
recent range margins, since development of macropters is likely to be the mechanism 
responsible for most long-distance dispersal (Vickery 1965, Meineke 1994, Simmons and 
Thomas 2004). I considered annual weather metrics of warmth and rainfall during the 
juvenile development (April to July), and adult reproduction and dispersal (August to 
October) periods and tested the following specific hypotheses. Numbers of macropters, and 
annual colonisation rates will increase with (i) warm and (ii) dry weather conditions during 
juvenile development, which mean warmer microclimates, speeding up growth, lowering 
mortality and producing higher densities (Ingrisch and Köhler 1998, Poniatowski and 
Fartmann 2011c, Suggitt et al. 2011). However, drought conditions during juvenile 
development may negatively affect the juvenile stages of sensitive insects through 
desiccation and adverse effects on food plant quality and vegetation structure (Ingrisch 
1984, Roy et al. 2001, Oliver et al. 2015b). I therefore expected (iii) extremely low April-July 
rainfall to be associated with lower colonisation rates than low or intermediate rainfall. 
Similarly, I predicted warm temperatures during juvenile development to be particularly 
important in years of high rainfall and vice versa, i.e. (iv) a positive interaction between 
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effects of warmth and precipitation: high temperatures should counteract the microclimatic 
cooling effects of high moisture, and high rainfall should reduce the risks of drought in hot 
years (Pollard and Yates 1993). I expected positive effects on colonisation rates and numbers 
of macropters observed at range margin sites of (v) warm and (vi) dry conditions during the 
adult period of reproduction and dispersal, because these are associated with higher insect 
metabolic rates and flight activity (Pollard 1977, Uvarov 1977). 
 
In addition to weather effects in the same year, I expected lagged effects of weather in the 
previous year on macropterism and colonisation rates because high reproductive success in 
the parental generation may lead to higher starting densities in spring of the following year 
and therefore a greater likelihood of macropters developing (Gardiner 2009, Poniatowski 
and Fartmann 2011c). In addition, favourable weather may help populations at new sites 
become established, which were colonised by few individuals and remained undetected, 
being recorded only when numbers build up. Furthermore, eggs of M. roeselii (not of C. 
discolor) may take up to two years to hatch and develop into adults, depending on 
environmental conditions, leading to a potential lag before effects of weather become 
apparent in adult records (Ingrisch 1984, Benton 2012). In order to keep model complexity 
manageable I only investigated lagged effects for linear weather effects without an 
interaction, i.e. for hypotheses (i)-(ii) and (v)-(vi) only.  Thus, a series of specific hypotheses 
were tested that all relate to the general issue of whether rates of colonisation and dispersal 
(morphology) vary among years, and whether these in turn depend on the prevailing and 
preceding climatic conditions. 
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4.3 Materials and Methods 
4.3.1 Part 1: Effects of seasonal weather on colonisation rates 
4.3.1.1 Distribution data 
Distribution data were taken from the Grasshoppers and Related Insects Recording Scheme 
database (Orthoptera Recording Scheme 2015a, b). To date (Nov 2015), the scheme has 
collated some 145,818 distribution records, 10% of these being for the study species 
Conocephalus discolor and Metrioptera roeselii. The main aim of the scheme is to map 
species’ distributions, and records are mostly gathered without any standard protocol or 
measure of recording effort. These are ‘presence only’ data and there is no indication of 
whether a location without records was occupied or not. This lack of absence records 
prohibits the use of conventional site-occupancy models to study colonisation (MacKenzie et 
al. 2002, MacKenzie et al. 2003).  
The range expansion of C. discolor and M. roeselii in mainland Britain was analysed over the 
36-year period 1977 to 2012. These years were selected because the recent range expansion 
of the two species was first recorded around 1977 (Marshall and Haes 1988, Simmons and 
Thomas 2004), and 2012 is the final year during which field data were collected in the 
current study (see below). Data were summarised at a 10km grid square (“hectad”) 
resolution, based on the British National Grid.  
All calculations were performed in the statistical software environment “R”, version 3.2.2 (R 
Core Team 2015). 
 
4.3.1.2 Quantifying annual colonisation rates 
Annual colonisation rates were estimated in the following steps, which aim to minimise 
biases due to (i) temporal and spatial variation in recording effort, (ii) changes in the size of 
the source population and (iii) the area available for colonisation within a typical maximum 
dispersal distance each year (which varies as distributions expand and change shape): 
- The typical maximum dispersal distance for each species across the study period was 
quantified by computing the 95th percentile of the distances between any newly 
recorded (“colonised”) hectad and the nearest hectad with a previous record for that 
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species. Distances were taken between hectad centres. Analyses were repeated with 
the 90th percentile in order to test sensitivity to this arbitrary cut-off. A cut-off was 
used to exclude unusually large dispersal distances arising from accidental transport 
by humans (Kaňuch et al. 2013) as opposed to natural dispersal. 
- For a given year t the previously known distribution was extracted, i.e. hectads with a 
record for the species up to year t-1 (grey squares in Fig 4.1) 
- Around this distribution, hectads falling within the “typical maximum dispersal 
distance” were identified (white squares) 
- Of these squares, those were identified that were “surveyed” in year t, i.e. had at least 
one record of any of the Orthopteran species that occur in Britain (squares marked by 
“x”) 
- Finally, I calculated the proportion of these “surveyed squares within the typical 
maximum dispersal distance” that were recorded as colonised, i.e. had a record for 
the study species in year t (red “+”). Squares colonised beyond the typical maximum 
dispersal distance (blue “+”) were by definition few and not counted in year t; in 
subsequent years, however, they were included in the “previously known 
distribution”, i.e. considered as potential source populations for colonisations. 
- This “proportion of the surveyed squares colonised within the typical maximum 
dispersal distance” was defined as the annual measure of colonisation rate (ratio of 
red “+” to black “x”). 
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Fig 4.1.  Calculation of annual colonisation rate, using Conocephalus discolor in the year 
2000 as an example.  
Colonisation rate for each year was calculated as the proportion of the previously 
unoccupied surveyed squares within the typical maximum dispersal distance that were 
colonised (ratio of red “+” to black “x”). 
 
4.3.1.3 Weather data and definition of seasonal weather variables 
Seasonal weather variables were derived from the Centre for Ecology and Hydrology’s 
“CHESS” dataset (Robinson et al. 2015). The monthly averages for the “Lowland England” 
biogeographical region were used, whose extent encompasses the current distributions of 
the study species. The following two variables were calculated: 
(1) Monthly warmth, measured as growing degree days above 10°C (GDD10). GDD have been 
widely used as a measure of the sum of warmth above a threshold temperature Tbase above 
which the biological processes of interest occur. An individual day’s GDD are calculated as 
any positive difference between the average daily temperature and this threshold: 
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GDD = ([Tmax + Tmin] / 2) - Tbase 
where Tmax and Tmin are the daily maximum and minimum temperatures and set to Tbase when 
they are less than Tbase (McMaster and Wilhelm 1997). A value of 10°C was used for Tbase: no 
exact values have been determined for a minimum temperature above which larval 
development commences for the two study species, but 10°C is a typical value for other 
European Orthoptera (Ingrisch and Köhler 1998), and is the lower temperature threshold for 
development of C. discolor in an unpublished experiment (Delf 2013). No upper threshold 
was used in the GDD calculation because the maximum temperatures for the Lowland 
England region did not reach the maximum of 32-40°C typically tolerated by European 
Orthoptera (Ingrisch and Köhler 1998). Average daily GDD values were summed across the 
days in each month to produce a monthly total. 
(2) Monthly rainfall. The CHESS dataset provides average rainfall in kg per m2 per second 
which was multiplied by the number of seconds in a day (86,400), and the number of days 
for each month to give total monthly rainfall in kg per m2, equivalent to the familiar mm of 
precipitation (i.e. 1 kg/m2 = 1 mm). 
The above monthly variables were summed for April to July of each year to characterise 
weather conditions during the main period of juvenile development of the study species, and 
for August to October to describe conditions during reproduction and dispersal (Benton 
2012). I analysed effects of weather variables on colonisation rates in the same year, as well 
as effects of weather in the previous year (parental generation). There was therefore a total 
of eight main weather variables: GDD10 and rainfall sums for April to July, and August to 
October, for the same and the preceding years (S 4.1 Table). In addition to weather variables, 
calendar year was included as a variable in order to account for any overall trend in 
colonisation rate over time independent of annual weather conditions, for example due to 
long-term changes in land use, vegetation structure, or evolution of dispersal ability 
(Beckmann et al. 2015). 
In order to test the hypothesis that intermediate or low April to July rainfall was more 
beneficial than very low rainfall, a quadratic term for April to July rainfall was also included. 
Similarly, to investigate the prediction that warm temperatures were particularly important 
in years of high rainfall during April to July, an interaction term between rainfall and GDD10 
was included.  
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4.3.1.4 Model fitting, selection and averaging 
First, collinearity between explanatory variables was examined using pair-wise Pearson's 
correlation coefficients. No problematic correlations were found with |r| < 0.5 in all cases. 
Effects of seasonal weather on annual colonisation rates were investigated by assuming that 
the proportion of squares colonised in year t (Ct) was binomially distributed (Ct ~ Bin [St, pt] 
where St is the number of surveyed squares in year t and pt the colonisation probability). I 
fitted binomial Generalised Linear Models (GLMs) with a logit link function relating 
colonisation probability to predictors. Rather than selecting a single optimum model a multi-
model inference approach was taken. GLMs were fitted for all combinations of the 
predictors, with the quadratic and interaction terms for April to July rainfall only included 
together with the corresponding main effects, a total of 1,023 initial models. Models whose 
Akaike information Criterion (AIC) value fell within 4 units of the model with the lowest value 
were then selected as the set of top models that had considerable statistical support (Akaike 
1974, Burnham and Anderson 2002). The relative importance of each variable was then 
calculated as the percentage of top models in which they occurred, and coefficients were 
averaged across top models using Akaike weights (Burnham and Anderson 2002, 
Wagenmakers and Farrell 2004). Similarly, weighted mean standard errors (SE) of each 
coefficient b were calculated according to the following formula derived from (Burnham and 
Anderson 2002):  
𝑆𝐸(𝑏𝑎𝑙𝑙) =  ∑ 𝑤𝑖
𝑛
𝑖=1
√[𝑆𝐸(𝑏𝑖)]2 + [𝑏𝑖 − 𝑏𝑎𝑙𝑙]2 
n being the number of retained models, wi the Akaike weight of model i, SE(bi) the standard 
error of coefficient b in model i, and ball the weighted mean of all estimates of coefficients b 
across the n models. Akaike weights were scaled so that their sum equalled 1 for each 
predictive variable, i.e. wi values were divided by the sum of Akaike weights of all models 
which included the variable whose SE was to be calculated. Confidence intervals (CI) were 
then calculated by multiplying weighted mean SEs by factors of 1.645 (90% CI), 1.96 (95% CI), 
2.58 (99% CI) and 3.29 (99.9% CI) and adding / subtracting them from weighted mean 
coefficients. Predictors were considered to be significant if their confidence intervals did not 
span zero.  
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To assess model fits, weighted mean fitted values of top models were plotted against the 
residuals from the weighted means, and against observed values. As a measure of overall fit 
of top models, ratios of residual deviance to degrees of freedom were calculated. 
 
4.3.1.5 Sensitivity analysis 
I tested the sensitivity of my conclusions to the way the analyses were performed in three 
ways: 
Firstly, the cut-off point for the calculation of the “typical maximum dispersal distance” for 
each species was changed from the 95th to the 90th percentile of the dispersal distances 
across all sites and years. 
Secondly, I examined whether consistent results were obtained with a shorter study period 
(1988 to 2012) that excluded the initial years of slow range expansion and all years with zero 
recorded hectad colonisations, covering only the years of continuous, positive range 
expansion. 
Thirdly, the definition of colonisations was changed: where in the first instance only the first 
record for each square was defined as a colonisation, i.e. no extinctions and re-colonisations 
were assumed to occur, it was now assumed that populations went extinct if not recorded in 
a hectad during four years of “visits”, i.e. during four years in which any other Orthopteran 
species was recorded in the square, analogous to the definition of extinction used in the UK 
Butterfly Monitoring Scheme (Pollard and Yates 1992). A record for the study species after 
such an extinction was considered a renewed colonisation.  
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4.3.2 Methods Part 2: Effects of seasonal weather on incidence of long-
wingedness 
4.3.2.1 Field survey 
Eleven field sites were surveyed annually from 2008 to 2012 and the numbers of 
macropterous and brachypterous individuals of C. discolor and M. roeselii counted, with C. 
discolor recorded at between 7 and 11 of these sites and M. roeselii at 4 to 5 sites annually 
(Fig 4.2, S 4.2 and S 4.3 Tables). For each species, sites were selected which were either 
newly colonised (first recorded in the Orthoptera Recording Scheme database in the 2 years 
prior to 2008), or surveyed in a previous study in 2000-1 (Simmons and Thomas 2004) and 
lay at the species’ range margin then (first recorded in the 9 years prior to 2000). In order to 
conduct field work efficiently, where possible sites were selected where both species 
occurred together.  
  
Fig 4.2.  Location of 2008-2012 field survey sites in the context of the expanding 
distributions of the study species in southern Britain. 
Species distribution squares are shaded according to the year of the first record to illustrate 
the species’ substantial range expansions over recent decades. 
 
Surveys were conducted between mid-July and mid-October, the time when adults of C. 
discolor and M. roeselii are active (Evans and Edmondson 2007). During each visit, as many 
adult individuals as possible were recorded for each species. Individuals of M. roeselii were 
recorded as brachypterous when their wings did not reach the end of the abdomen, and 
macropterous where their wings extended beyond the end of the cerci: this visual 
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assessment of wing morphology was found to be 100% reliable in a previous study (Simmons 
and Thomas 2004). For C. discolor brachypterous insects were those with wings not 
extending beyond the cerci; insects with wings extending to the end of the ovipositor or 
beyond in females, or an equivalent length in males, were recorded as macropterous. Any C. 
discolor individuals with intermediate wing lengths were caught and wing and body lengths 
measured with callipers to a precision of 0.1mm, and subsequently wing morphs were 
assigned using an equation derived in a previous study with the cut-off line between wing 
morphs defined as:  
wing length = 1.818 + 0.898 * body length 
Individuals with wing lengths above this cut-off were categorised as macropterous, with 
shorter wings as brachypterous (Simmons and Thomas 2004, Simmons 2015). In a few 
instances, two visits were performed to a field site in a year; to avoid problems with pseudo-
replication only the visit with the most similar date to visits to the site in other years was 
used in the present analysis. 
 
4.3.2.2 Definitions of seasonal weather variables and other covariates 
The same eight seasonal weather variables were calculated for each field site and visit as for 
the analysis of distribution data (see above), but using the local 1km square data from the 
CHESS dataset instead of the lowland England regional averages: sums of warmth (GDD10) 
and rainfall (mm) for April-July and August-October for each study site and year of visit and 
the preceding year. As before, a quadratic term for April to July rainfall and an interaction 
between April to July rainfall and warmth was included. 
To characterise the colonisation history of study sites, their distance from the range core was 
calculated, defined as the distance in km between the centre of the 10 km square in which 
the field site was located and the centre of the nearest 10 km square with a record for the 
species up to and including the year 1976, before the recent range expansions began 
(Marshall and Haes 1988, Simmons and Thomas 2004). For each field visit the recorded 
population density of the study species was calculated, defined as the number of individuals 
seen per site divided by the length of the visit in minutes. At sites with both species, half the 
time was allotted to searching for each species and the visit length was therefore divided by 
2 to calculate densities. 
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Three sources of potential sampling bias were accounted for by including the following 
variables in analyses: (1) day of year, i.e. the Julian day on which the visit occurred; (2) time 
of day, defined as the proportion of the period of daylight hours between sunrise (= 0) and 
sunset (= 1) on which the visit was centred. Sunrise and sunset times for each site and visit 
date were compiled from (Thorsen 2014). (3) mean temperature of the day for each field 
visit, extracted from the 1km gridded CHESS dataset (S 4.2 and S 4.3 Tables). 
 
4.3.2.3 Model fitting, selection and averaging 
To investigate the effects of annual weather and potential sampling biases on proportions of 
macropterous individuals in year t at site s (Mts) these were assumed to be binomially 
distributed (Mts ~ Bin [Its, pts] where Its is the number of individuals surveyed and pts the 
probability of individuals being long-winged). I fitted binomial generalized linear mixed 
models (GLMMs) with a logit link function relating probability to predictors with survey site 
as a random effect, using the “glmer” function in the R package “lme4” (Bates et al. 2015). 
To select optimum models and infer results across them I took the same model averaging 
approach as for the analysis of distribution data (see above). I started with GLMMs for all 
combinations of predictive variables, with the quadratic and interaction terms for April to 
July rainfall only included together with the corresponding main effects. I limited 
combinations to a maximum of 6 variables per model, because larger numbers of predictors 
led to some model convergence failures. For the same reason, all predictors were centred on 
0 by subtracting their mean (Quinn and Keough 2002), and the quadratic term for April-July 
rainfall was scaled by a factor of 0.001 in order to bring its values onto a similar scale to the 
other weather variables. There was an initial total of 5,188 models for each species from 
which sets of optimum models were selected using AIC as above. 
 
4.3.2.4 Correlations between predictors 
Standard measures of correlation are not adequate for nested data as in my case, where 
weather varied by year, and within years by field site (Dormann et al. 2013). To identify 
potential collinearity between explanatory variables I therefore considered correlations 
between fixed effects estimated in the GLMMs (S 4.4a+b Tables) (Bates et al. 2015).  
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4.4 Results 
4.4.1 Part 1: Effects of seasonal weather on colonisation rates 
4.4.1.1 Maximum typical dispersal distances 
Between 1977 and 2012, a total of 559 hectads were recorded as colonised by Conocephalus 
discolor, and 455 by Metrioptera roeselii (excluding re-colonisations following extinctions, 
see sensitivity analysis below). Colonisation distances, i.e. distances to the nearest previously 
occupied squares, ranged from the minimum of 10km (adjacent squares) to a maximum of 
216km for C. discolor and 166km for M. roeselii. As is typical for dispersal distance kernels 
(Nathan et al. 2012), the distribution of dispersal distances was strongly left-skewed with 
small values predominating (Fig 4.3). For both species, the median colonisation distance was 
10km and the upper quartile was 14.1km (diagonally adjacent), i.e. over 75% of colonised 
squares were adjacent to at least one square with a previous record for the species. The 95th 
percentile of colonisation distances, defined as the “maximum typical dispersal distance” for 
subsequent calculations, was 31.6km for C. discolor and 28.8km for M. roeselii. 
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Fig 4.3.  Histogram of colonisation distances for Conocephalus discolor and Metrioptera 
roeselii between 1977 and 2012. 
Colonisation distance was defined as the distance between the centroid of a newly recorded 
hectad and the centroid of the nearest hectad with a previous record for the species. 
Histogram intervals include their right-hand endpoint, but not their left one, e.g. the first 
bars include colonisation distances > 0 km and ≤ 20 km. Note log scale of y-axis. 
 
4.4.1.2 Annual colonisation rate 
Over the study period 1977-2012, the distribution of C. discolor increased from 22 to 567 
occupied hectads, and that of M. roeselii from 58 to 495. Annual numbers of surveyed 
hectads colonised within the maximum typical dispersal distance for C. discolor ranged from 
0 to 54 (median 12.5), and for M. roeselii also from 0 to 54 (median 11). These numbers of 
squares were then converted to proportions of surveyed squares colonised (to take account 
of annual variation in recording effort). They equate to proportional colonisation rates of 0 
to 0.40 (mean 0.15, standard deviation 0.09) for C. discolor and 0 to 0.45 (mean 0.12, 
standard deviation 0.10) for M. roeselii (S 4.5 Table). Thus, colonisation rates varied from 
zero to 40% or more, depending on the year. 
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4.4.1.3 Effects of seasonal weather 
Several weather parameters were included in large proportions of top models and had 
significant effects on recorded colonisation rates (Table 4.1, left half). For both C. discolor 
and M. roeselii, there was a significant positive interaction in 100% of top models between 
the effects of April-July warmth and rainfall (squared) in the year of colonisation. These 
therefore have to be interpreted in conjunction; together they suggest that colonisation 
rates increased significantly for both study species when April to July sums of both warmth 
and rainfall were high, contrasting with little or no increase if either weather parameter was 
low (and even a slight decrease in colonisation rates with increasing temperatures under dry 
conditions for M. roeselii) (Fig 4.4). For C. discolor, there was also a near-significant (p<0.1) 
positive effect of April to July rainfall of the preceding year. Colonisation rate for both 
species was positively affected by high sums of August to October warmth in the year of 
colonisation (100% and 91% of top models respectively). There were differing effects for 
August to October rainfall, with high values in the previous year affecting colonisation rates 
of C. discolor negatively, but M. roeselii apparently benefiting from high rainfall in the year of 
colonisation (but see results of sensitivity analysis below suggesting the latter result is not 
robust). For M. roeselii, there was a significant positive effect of year, i.e. a significant overall 
increase in colonisation rate over time, over and above the effects of weather, which was 
not apparent for C. discolor. 
 
 136 
Table 4.1.  Effects of seasonal weather on annual colonisation rate and incidence of long-wingedness in Conocephalus discolor and Metrioptera roeselii 
 
Effects on colonisation rate (1977-2012) Effects on incidence of long-wingedness (2008-12) 
  Conocephalus discolor Metrioptera roeselii Conocephalus discolor Metrioptera roeselii 
 
 
% 
included 
weighted 
mean 
coefficient 
weighted 
mean 
standard 
error sig 
% 
included 
weighted 
mean 
coefficient 
weighted 
mean 
standard 
error sig 
% 
included 
weighted 
mean 
coefficient 
weighted 
mean 
standard 
error sig 
% 
included 
weighted 
mean 
coefficient 
weighted 
mean 
standard 
error sig 
(Intercept)   100 -8.6387 11.5205  100 -85.4484 16.2668  100 -3.4147 0.2979  100 -3.2857 0.3307  
warmth 
(GDD10) 
April-
July 
same year 100 -0.0017 0.0023  100 -0.0060 0.0030 * 67 0.0117 0.0065 . 72 -0.0297 0.0138 * 
previous year 36 -0.0009 0.0014  41 -0.0005 0.0016  60 -0.0154 0.0084 . 31 -0.0212 0.0144  
August-
October 
same year 100 0.0057 0.0014 *** 91 0.0039 0.0015 * 60 0.0195 0.0100 . 30 -0.0239 0.0170  
previous year 32 -0.0006 0.0013  64 0.0024 0.0015  10 0.0013 0.0088  18 -0.0087 0.0106  
rainfall 
(mm) 
April-
July 
same year 100 -0.0152 0.0052 ** 100 -0.0272 0.0065 *** 19 0.0027 0.0034  100 0.0048 0.0392  
same year, 
squared 
100 -2.19E-05 1.39E-05  100 -1.63E-05 1.58E-05  0 - -  35 -0.1313 0.0947  
previous year 52 0.0020 0.0012 . 50 0.0015 0.0014  96 0.0078 0.0032 * 42 -0.0183 0.0098 . 
August-
October 
same year 52 -0.0015 0.0010  77 0.0026 0.0012 *† 33 -0.0050 0.0041  14 -0.0013 0.0116  
previous year 96 -0.0022 0.0010 * 41 -0.0011 0.0010  46 -0.0096 0.0045 * 14 0.0096 0.0127  
interaction of warmth and rainfall 
(April-July, same year) 
0 - -  0 - -  10 1.20E-04 7.24E-05  11 5.61E-05 8.42E-05  
interaction of warmth and rainfall 
squared (April-July, same year) 
100 1.41E-07 3.99E-08 *** 100 1.73E-07 5.04E-08 *** 0 - -  0 - -  
year   44 0.0091 0.0082  100 0.0433 0.0085 *** n/a    n/a    
day of year   n/a    n/a    8 -0.0025 0.0130  21 -0.0108 0.0105  
time of day   n/a    n/a    10 -1.1509 1.3457  63 3.3614 1.8655 . 
mean temperature   n/a    n/a    8 -0.0008 0.0811  53 0.1615 0.0939 . 
population density   n/a    n/a    100 -7.6205 2.3051 *** 25 1.7156 1.4670  
distance from core   n/a    n/a    15 0.0047 0.0056  10 -0.0066 0.0123  
Left half: Summary of results for GLMs with ΔAIC < 4 (a set of 25 top models for C. discolor and 22 for M. roeselii). Results are for the time period 1977 to 2012. Colonisations up to the 95th percentile of 
dispersal distances were considered (“typical maximum dispersal distance” of 31.6 km for C. discolor and 28.8 km for M. roeselii). 
Right half: Summary of results for GLMMs with ΔAIC < 4 (a set of 52 top models for C. discolor and 148 for M. roeselii). Field surveys of numbers of macropters were carried out in 2008-2012. 
The importance of variables as predictors is indicated by the proportion of top models in which they are included (% included), and by their coefficients and standard errors (weighted means across top 
models) and associated significance levels (sig: . = p<0.1, *=p<0.05, **=p<0.01, ***=p<0.001). Note that main effects involved in significant interactions are also significant, and interacting effects have to 
be interpreted together (Fig 4.4).   † The positive effect of August-October rainfall on colonisation rate of M. roeselii was not robust in a sensitivity analysis and is not considered reliable. 
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Fig 4.4.  Interacting effects of April to July warmth and rainfall in the study year on colonisation rates of Conocephalus discolor and Metrioptera roeselii.  
Lines show effects of warmth predicted in top models for three different levels of rainfall: the 1st (dotted green line), 3rd (dashed blue line) and 5th (solid black line) 
sextiles of sums of April to July rainfall. Symbols show data points, with symbol type and colour indicating three levels of rainfall which broadly correspond to the 
three modelled lines: minimum to 2nd sextile (green triangles pointing down), 2nd to 4th sextile (blue circles) and 4th sextile to maximum (black triangles pointing up) of 
sums of April to July rainfall. (Note, however, that the interaction is modelled on all data points together, and the division into 3 levels of rainfall here is for 
illustrative purposes only). Sums of warmth (x-axis) range from the minimum to the maximum values in 1977-2012. Values for all other predictive variables were set 
to their means. Plots are for the first in the sets of top models (ΔAIC=0). 
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Sets of top models with ΔAIC < 4 contained 25 models for C. discolor and 22 models for M. 
roeselii. Fitted values were very consistent across top models for each species (Fig 4.5, top), 
and plots of observed vs. fitted values showed no large deviations from the unity line (Fig 
4.5, bottom). Plots of residuals vs. fitted values did not show any patterns, and the average 
ratio of residual deviance to degrees of freedom across top models was 1.94 for C. discolor 
and 3.94 for M. roeselii, indicating a moderate degree of overdispersion (S 4.6 Table, and see 
section 4.5.1.2). 
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Fig 4.5.  Observed and modelled values of annual colonisation rate.  
Top: Plots of observed and fitted values of annual colonisation rate over time. Circles 
indicate observed values of the proportion of surveyed squares within the “maximum typical 
dispersal distance” that were colonised; lines indicate the fitted values of top models with 
ΔAIC < 4 (25 models for C. discolor, 22 models for M. roeselii). 
Bottom: Observed vs. fitted values of annual colonisation rate. Fitted values are weighted 
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means across sets of top models with ΔAIC < 4. Dashed lines indicate equality of observed 
and fitted values. Years with the largest residuals are labelled. 
4.4.1.4 Sensitivity analysis 
A change in the cut-off for colonisation distances from the 95th to the 90th percentile resulted 
in a large reduction of the assumed “typical maximum dispersal distance” from 31.6 to 
23.5km for C. discolor and from 28.8 to 21.4km for M. roeselii. Results of the analysis of 
weather effects on colonisation were robust to this change. For both species all the same 
variables had significant effects and in the same direction of impact as before (S 4.7 Table). 
Weather effects on colonisation were also mostly robust to a change in the start year of the 
analysis from 1977 to 1988, with the same significant effects identified in the sets of top 
models as before for both species, except August to October rainfall in the year of 
colonisation for M. roeselii (S 4.8 Table). The coefficient of year for M. roeselii was little 
changed, despite the deletion of several years with zero recorded hectad colonisations 
between 1977 and 1988 (cf. Fig 4.5).  
When hectads were assumed to go extinct if not recorded in 4 years of visits (Pollard and 
Yates 1992) the colonisation data for both study species changed considerably, but the 
findings of weather effects on colonisation were again largely robust to these changes. Over 
the study period 1977-2012 there were a total of 155 possible hectad extinctions for C. 
discolor (between 0 and 18 annually, median 3), and a total of 95 for M. roeselii (between 0 
and 11 annually, median 2). This meant smaller source populations from which (re-) 
colonisations were assumed to have occurred, and median annual population size for C. 
discolor was 113.5 hectads, compared to a median of 124.5 hectads without the assumption 
of extinctions; median for M. roeselii was 124 compared to 142 without extinctions (S 4.5 
Table). Similarly, it meant larger numbers of colonisations, since records for squares that had 
gone extinct were now assumed to be re-colonisations: the median annual number of 
surveyed hectads colonised for C. discolor was 14 (without extinctions 12.5) and for M. 
roeselii 13.5 (without extinctions 11). The 95th percentile of colonisation distances remained 
at 31.6km for C. discolor and decreased slightly from 28.8 to 28.3km for M. roeselii (S 4.1 
Fig). Mean colonisation rates remained at 0.15 for C. discolor and increased from 0.12 to 
0.14 for M. roeselii. The same weather variables affected colonisation rates as before for 
both species, with the exception of August to October rainfall in the year of colonisation for 
M. roeselii, which was no longer significant (S 4.9 Table).  
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Overall, the analyses and interpretation were not sensitive to the assumed typical maximum 
dispersal distance, to the start date, or to assumptions about extinction and re-colonisation 
in both species. However, for M. roeselii, the effect of August to October rainfall in the year 
of colonisation was sensitive to the latter two and therefore, is not a reliable predictor 
variable for this species. 
 
4.4.2 Results Part 2: Effects of seasonal weather on incidence of long-wingedness 
4.4.2.1 Field survey 
From 2008 to 2012, C. discolor was surveyed at 7 to 11 sites, and M. roeselii at 4 to 5 sites 
(Fig 4.2). M. roeselii was recorded at only two newly colonised sites, and at one of these in 
only one year (S 4.3 Table). Total numbers of surveys (i.e. sample sizes for subsequent 
analyses of weather effects) were 46 for C. discolor and 23 for M. roeselii. Numbers of 
individuals recorded per visit ranged from 1 to 58 (median 21.5) for C. discolor and from 1 to 
59 (median 24) for M. roeselii. Proportions of long-winged individuals (macropters) ranged 
from 0 to 0.35 (mean 0.03) for C. discolor and from 0 to 0.18 (mean 0.04) for M. roeselii (S 
4.2 and S 4.3 Tables). 
 
4.4.2.2 Effects of seasonal weather 
Proportions of dispersive long-winged individuals of C. discolor were positively associated 
with April to July rainfall of the preceding year (included in 96% of top models), and there 
was a significant negative effect on macroptery of August to October rainfall of the 
preceding year (46% of top models) (Table 4.1, right half). These effects agreed with 
equivalent significant (p < 0.05) or near-significant (p < 0.1) effects of seasonal weather on 
colonisation rates for C. discolor (Table 4.1, left half). There were near-significant positive 
effects of warmth in April to July (67% of top models) and August to October (60%) of the 
study year on incidence of observed macropters in C. discolor; these agree with 
corresponding significant weather effects on colonisation rates, although there was no 
evidence for an interaction between the effects of April to July warmth and rainfall on 
macropterism (10% of top models). There was a near-significant negative effect of April to 
July warmth of the preceding year (60%), which did not have an equivalent among weather 
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effects on colonisation rates. In addition to weather effects, there was a significant negative 
association between population density and incidence of macroptery for C. discolor (included 
in 100% of top models). 
Only one significant effect was observed for M. roeselii: a negative association of April-July 
warmth in the study year with numbers of long-winged individuals (72% of top models). 
There was no evidence for an interaction of this effect with warmth during the same period 
(11%). There were near-significant positive effects of the time of day (63%) and mean 
temperature of the day of field visits (53%) on observed proportions of macropters, and a 
near-significant negative effect of April to July rainfall of the preceding year (42%). 
The analysis produced 52 top GLMM models with ΔAIC < 4 for C. discolor and 148 top models 
for M. roeselii, with plots of residuals vs. fitted values not showing any strong patterns, and 
plots of observed vs. fitted values showing no large deviations from the unity line (Fig. 4.6). 
The average ratio of residual deviance to degrees of freedom across top models was 2.85 for 
C. discolor and 3.17 for M. roeselii, indicating a moderate degree of overdispersion (S 4.6 
Table, and see section 4.5.1.2). 
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Fig 4.6.  Observed and modelled values of proportions of long-winged individuals.  
Top: Plots of observed and fitted values of proportions of long-winged individuals over time. 
Symbols indicate observed values of the proportions of long-winged individuals; lines in the 
corresponding colours indicate the weighted mean fitted values of top models (with ΔAIC < 
4). 
Bottom: Observed vs. fitted values of proportions of long-winged individuals. Fitted values 
are weighted means across sets of top models with ΔAIC < 4. Dashed lines indicate equality 
of observed and fitted values. Years and sites with the largest residuals are labelled. Note 
different scale of axes for plot for M. roeselii to other plots. 
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4.4.2.3 Correlations between predictors 
Modelled correlations between fixed effects in sets of top GLMMs did not indicate any 
problematic collinearity between predictive variables for C. discolor, with all except two 
absolute values below 0.7. The exceptions were correlations between August to October 
rainfall of the study year and warmth of the same period (mean correlation value 0.73 ± 
0.06), and warmth in the preceding year (correlation value -0.84); however, these variables 
only occurred together in very few of the 52 top models (4 and 1 respectively) (S 4.4a Table). 
For M. roeselii, there were correlation values greater than 0.7 between several predictive 
variables, with one of these pairs of variables occurring in a large number of top models: 
April to July warmth and rainfall of the study year (mean correlation value 0.73, occurring in 
106 of 148 top models) (S 4.4b Table). 
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4.5 Discussion 
I present evidence for influences of seasonal weather on the range expansion process of two 
insect species in Britain, which have been expanding their distributions rapidly over the past 
30-40 years. Colonisation rates inferred from long-term distribution monitoring data were 
significantly influenced by weather during times of year when juvenile development, and 
adult dispersal and reproduction, were taking place. There was some evidence for one study 
species in field surveys in 2008-12 for similar effects of seasonal weather on the incidence of 
long-winged (macropterous) individuals in sites near the range margins – likely to be the 
main mechanism for long-distance dispersal (Simmons and Thomas 2004). In the following, 
the strength of evidence for these findings is discussed, and the observed weather effects 
and their implications are reflected upon. 
 
4.5.1 Strength of evidence 
4.5.1.1 Distribution data and calculation of colonisation rates 
The Grasshoppers and Related Insects Recording Scheme whose data was used here in the 
analysis of annual colonisation rates gathers records mostly without a standard protocol, and 
recording effort varies greatly over time and space; inferences therefore have to be drawn 
with caution (Isaac et al. 2014). The present analysis endeavoured to minimise bias due to 
these variations by calculating annual colonisation rate as the proportion of surveyed 
squares that were colonised within a typical maximum dispersal distance around the 
previously known distribution. Colonisation rate was therefore defined as the number of 
new squares recorded for the focal species relative to the number of squares recorded for all 
Orthoptera in the relevant year and geographical area. Potential bias due to a generally 
higher recording effort in warmer years, for example, or a generally higher detectability of 
insects like Orthoptera in warmer years due to higher activity (Ingrisch and Köhler 1998) 
should therefore be minimised. 
Overall recording intensity for Orthoptera in Britain is intermediate compared to other 
recording schemes (Isaac et al. 2014). To aggregate records, therefore, data were analysed at 
a 10km square (hectad) level. The range expansions analysed here have proceeded through 
the south and east of Britain, i.e. the areas with the highest recording effort for this group, 
and the study period encompasses several semi-systematic surveys aiming at complete 
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spatial and taxonomic coverage for two national and multiple county atlases (Marshall and 
Haes 1988, Haes and Harding 1997, Beckmann and Sutton 2013). Therefore, while recorded 
hectad colonisations may not always be records of the first individuals arriving in a square, 
their overall numbers are likely to reflect the temporal pattern of dispersal and 
establishment of new colonies. Both dispersal to new localities and the successful 
establishment and growth of populations there from initially low numbers (including arrival 
of additional colonists, see below) are necessary conditions for successful range expansions 
(Lockwood et al. 2013), and both of these processes may have influenced the pattern of 
recorded colonisation rates. 
 
4.5.1.2 Models and modelling approach   
Model fits were assessed by calculating the ratio of residual deviance to residual degrees of 
freedom. This should ideally be 1 (Crawley 2007), and the values observed here, of between 
1.94 and 3.94 (S 4.6 Table), indicate a moderate degree of overdispersion (unexplained 
variation in the response variable). A way of compensating for this formally would be to use 
a quasi-binomial (rather than binomial) error structure. Using quasi-binomial errors does not 
change the estimated coefficients, but leads to an increase in standard errors and therefore 
potentially affects significance. With the moderate overdispersion of the binomial models 
used here, standard errors will not have been underestimated to a degree sufficient to alter 
conclusions; however, little emphasis should be placed on marginally significant results 
during interpretation of findings. 
Sensitivity analysis of the colonisation rate models showed that, with one exception (August 
to October rainfall in the year of colonisation for M. roeselii), results were robust to a 
reduction in the assumed maximum typical dispersal distance for each species; to a change 
in the time period analysed, excluding all years without colonisations; and to a change in the 
definition of colonisation, including an assumption of extinction and re-colonisation of 
squares. 
An issue that can arise with time series analysis is that subsequent data points may not be 
independent of each other, leading to temporal autocorrelation, for example due to 
population abundances in one year being partially dependent on abundances in the previous 
year (Chatfield 2003). Statistical methods such as Generalised Least Squares (GLS) can be 
used to account for such autocorrelation. An advantage of the binomial GLMs employed 
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here over GLS is that estimates are constrained between 0 and 1 (appropriate for 
proportions), whereas least squares estimates (which assume normality) could potentially go 
beyond these boundaries. In the colonisation rate analysis (spanning 36 years), little 
correlation between the residuals of years t and t+1 was found (Pearson’s correlation 
coefficients of -0.07 for C. discolor and -0.14 for M. roeselii in the respective best models, 
and similarly low values across all top models). Equally, Durbin-Watson tests for 
autocorrelation between disturbances in time series, calculated assuming a linear 
relationship between year and colonisation rate, produced non-significant results for both 
species (DW = 1.8, p = 0.24 for C. discolor and DW = 1.8, p = 0.25 for M. roeselii) (Zeileis and 
Hothorn 2002). For the present study, therefore, temporal autocorrelation was not taken 
into account.  
Time series may be “detrended” for analysis in order to remove spurious correlations arising 
from unrelated long-term trends in both predictor and response, for example by fitting a 
linear model of time vs. the data, and subtracting the fitted values from the original data 
(Crawley 2007). The inclusion of calendar year as a variable in the colonisation rate analysis 
here should go some way towards detrending the time series and avoiding undue influence 
of such correlations (see section 4.5.5 below).  
Model selection needs to strike a balance between overfitting, i.e. selecting models with 
many covariates, which fit the data well but have little explanatory power (high variance), 
and underfitting, i.e. selecting overly simplistic models which may appear to have good 
precision (low variance), but may not fit the data well and may be biased because they omit 
important effects (Burnham and Anderson 2002). Here, the Akaike Information Criterion was 
used to select models, which is designed to facilitate finding this balance. AIC is defined as:  
AIC = -2*ln(maximum likelihood) + 2*p 
where p is the number of parameters in the model (including the intercept). Lower AIC 
values indicate relatively better models, and AIC therefore penalises the inclusion of 
parameters which do not markedly improve overall model fit (Chatfield 2003, Crawley 2007). 
Other model selection procedures include stepping-up and stepping-down approaches, 
where parameters are added or taken out one by one, and pairwise comparisons of models 
are carried out at each step to assess whether deviance has changed significantly (Crawley 
2007). These approaches may be very useful in identifying simple minimal adequate models. 
However, a disadvantage is that only nested models can be compared at each step, i.e. the 
parameters in one model must be a subset of those in the other, whereas model selection by 
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AIC allows comparison across all models, whether nested or not. In addition, stepwise model 
selection may rely on large numbers of pairwise tests, increasing the risk of detecting chance 
significant differences (multiple testing problem) (Burnham and Anderson 2002).  
The multi-model inference approach employed here has the advantage of taking into 
account effects of sets of multiple top models with similarly good fits to the data (Burnham 
and Anderson 2002). However, despite the use of AIC for model selection, median numbers 
of variables in the sets of top models are relatively high in the colonisation rate analysis (8 
for C. discolor, 9 for M. roeselii), given the sample size of 36 years. For the analysis of long-
wingedness, where sample size for C. discolor was 46 and for M. roeselii 23, the number of 
variables per model was limited to a maximum of 6 from the outset, because more variables 
led to some model convergence failures (cf. section 4.3.2.3). Numbers of parameters per 
model would potentially be reduced more generally for both analyses by using a corrected 
AIC (AICc) which penalises inclusion of additional model parameters more than the 
uncorrected AIC in cases where the ratio of sample size to number of explanatory variables is 
small (Burnham and Anderson 2002). Use of AICc here would therefore also be likely to 
reduce the numbers of top models across which results are averaged. These could be 
reduced further by decreasing the upper limit of AIC values to include (for example by 
including models only up to ΔAIC=2). However, the use of Akaike weights in the model 
averaging process employed here means that models with greater AICs have a limited 
influence on overall results in any case (cf. section 4.3.1.4). 
 
4.5.1.3 Analysis of macroptery and field survey data   
For the analysis of seasonal weather effects on macroptery, three parameters describing 
conditions during field visits were included in order to account for potential biases: day of 
year, time of day, and mean temperature on the day. For C. discolor, none of these had 
significant effects, indicating that recording of long-winged individuals was not biased due to 
the particular conditions of field visits. For M. roeselii, there were near-significant (p<0.1) 
effects of time of day and temperature, indicating potential effects of these parameters on 
proportions of macropters observed; this may be due to the low sample size for this species. 
There were larger sets of top models with equivalent explanatory power in the analysis of 
weather effects on macroptery than in the analysis of colonisation rates, particularly for M. 
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roeselii (148 models), most likely also reflecting the modest sample sizes for the estimation 
of macroptery proportions. 
For C. discolor, there was some evidence for similar seasonal weather conditions affecting 
the incidence of dispersive macropters as affected colonisation rates. Since macropters are 
likely to be the main mechanism for long-distance dispersal, the findings from these two 
different datasets corroborate each other (Simmons and Thomas 2004). However, the 
strength of evidence for these agreements was limited: one agreement between significant 
effects, and three agreements between significant and near-significant effects, albeit with no 
evidence for an interaction between the effects of April to July warmth and rainfall on 
macropterism. It may be that the observed near-significant weather effects on macropterism 
would have been significant with a larger sample size, and / or if the study had been carried 
out over more than five years, allowing more variation in weather to occur.  
There was no agreement between weather effects on colonisation rates and macropterism 
for M. roeselii. This may again be due to the limited study period and the low overall sample 
size, and also the small number of newly colonised sites surveyed for this species (only one 
site at the current range margin was surveyed in more than one year). Presumably also 
partly due to the low sample size were correlations between several predictive variables, 
particularly between April to July warmth and rainfall of the study year, which were not 
evident for C. discolor (S 4.4a+b Tables). Overall, the findings for weather effects on 
incidence of macropterism in M. roeselii are considered insufficiently reliable to draw 
conclusions from.  
 
4.5.2 Interacting positive effects of warm and wet April-July periods 
For both study species there was evidence that warm and wet conditions during the period 
of hatching and juvenile development (April to July) significantly increased colonisation rates, 
with a significant positive interaction between these effects in 100% of top models. This 
suggests that high sums of warmth were especially positively related to colonisation rates in 
wet years.  
A positive effect of spring and early summer warmth on dispersal and colonisation rates 
agrees with my hypotheses. Warm weather during juvenile development has been found to 
lead to higher abundances in many insects, presumed due to increased growth rates and 
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reduced mortality (Ingrisch and Köhler 1998, Roy et al. 2001, Poniatowski and Fartmann 
2011c). In turn, higher densities are likely to increase emigration (Travis and Dytham 2012) 
and, in the study species here, numbers of individuals developing into dispersive long-
winged macropters (Ingrisch and Köhler 1998, Poniatowski and Fartmann 2011c).  
A positive effect of wetter conditions during April to July on colonisation rates and numbers 
of macropters, however, is partly contrary to my hypotheses. I had expected low, or 
intermediate, rainfall during juvenile development to have the greatest positive effect, since 
wet conditions lead to colder microclimates and slower growth rates (Ingrisch and Köhler 
1998) and I therefore expected, to lower densities and dispersal, while I expected 
desiccation only to be a problem in extreme cases (Ingrisch 1984, Oliver et al. 2015b). 
However, the results here suggest that high rainfall had a positive effect (and / or low rainfall 
a negative effect) in years of average or above-average warmth during the same months. 
The significant interaction between the effects of rainfall and warmth on range expansion is 
a novel finding to my knowledge, and may go some way to resolving apparent contradictions 
between previous studies, some of which found a negative effect of rainfall on development 
of macropters (Poniatowski and Fartmann 2011c), while others suggested positive effects 
(Ingrisch and Köhler 1998). Some previous studies have shown abundances of insect species 
of moist or semi-shaded habitats to increase with high rainfall (Roy et al. 2001) and densities 
to be higher in moister habitats (Poniatowski and Fartmann 2011a) (for M. roeselii), while 
abundances decreased in exceptionally hot and dry conditions (Oliver et al. 2015b). Both 
study species here favour tall herbaceous vegetation; high moisture is therefore likely to 
produce suitable vegetation structures, and may also improve food plant quality. 
Interestingly, however, the present results suggest that species can take advantage of these 
only if there is sufficient warmth at the same time. This may therefore be a parallel at 
shorter temporal scales to indications that recent climatic warming is creating suitable 
microclimates for several insect species in taller vegetation than they previously utilised 
(Thomas et al. 2001, Pateman et al. 2012, Beckmann et al. 2015, Pateman et al. 2016). 
The findings of the present study suggest that where possible effects of warmth and 
moisture should not be looked at in isolation. The reason that this study is the first to 
observe interacting effects of these parameters on range expansion may be that they tend to 
be (negatively) correlated and are therefore difficult to investigate together (Poniatowski 
and Fartmann 2011c). It may be that correlation was reduced here through a long study 
period of 36 years and through considering weather effects summed over several months 
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rather than for individual months. Similar designs may therefore enable future studies to 
include interactions of warmth and moisture. 
For C. discolor there was also a positive effect of April-July rainfall of the previous year on 
incidence of macropterism (and a near-significant effect on colonisation rate). This may be 
due to favourable conditions leading to a build-up of numbers in the parental generation, 
resulting in higher starting densities in the subsequent year (Poniatowski and Fartmann 
2011c). 
 
4.5.3 Positive effects of warm (and dry) August-October periods 
In agreement with my hypotheses I found evidence for positive effects of warm weather 
during August to October on colonisation rates in both study species (and a near-significant 
effect on numbers of long-winged individuals in C. discolor). For C. discolor, there was also a 
significant positive effect of low rainfall during August to October of the previous year on 
both colonisation rates and numbers of macropters. The conditions triggering insect 
dispersal events are not yet fully understood (Clobert et al. 2012), but insect flight activity 
generally is known to be strongly influenced by temperatures (Pollard 1977, Uvarov 1977), 
potentially increasing dispersal distances (Walters et al. 2006). Anecdotal evidence suggests 
that dispersal flights of macropterous bush-crickets occur on warm, dry and still days (Smith 
2007, Rudkin 2012). 
By creating warmer microclimates, dry conditions during August to October in the preceding 
year may also entail higher metabolic rates and reproductive output, leading to higher 
densities and greater dispersal in subsequent years (Ingrisch and Köhler 1998, Poniatowski 
and Fartmann 2011c). The fact that the present study found a positive effect of moisture 
during April-July (if coupled with warmth), but a negative or no effect of moisture during 
August-October may support the conclusion that the main benefit of increased moisture to 
the study species is through increased vegetation height and food plant quality during 
juvenile development: most plant growth happens during the earlier part of the season, with 
rainfall during April-July likely to affect vegetation structure more than during August-
October (Parton et al. 2012). Dry weather in August-October is therefore likely to mean 
warmer microclimates with little adverse effects on vegetation structure. 
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As indicated above, an apparent positive association of August to October rainfall with 
colonisation rates of M. roeselii was not robust to a change in the start year of the analysis or 
a changed definition of colonisations and is therefore not considered reliable.  
 
4.5.4 Waves of range expansion in favourable years 
Seasonal weather-dependence of the colonisation process as observed in the present study 
is likely to lead to stochastic colonisation patterns, and to range expansions proceeding in 
waves rather than at a steady rate (cf. Fig 4.5 top), with 0% up to 40% (in C. discolor) or 45% 
(in M. roeselii) of target hectads being colonised in different years. These patterns are likely 
to be amplified by the interaction of effects observed between warmth and rainfall. Taking 
species’ sensitivity to variations in seasonal weather into account, rather than basing studies 
on averaged trends (in climate and distribution) should improve models for past climate-
driven range changes and increase the predictive power of model projections into the future 
(Henry et al. 2014).  
Many insects can respond rapidly to favourable environmental conditions due to their short 
generations and large numbers of potential offspring. High phenotypic plasticity in dispersal, 
as in wing-dimorphic species, may be an additional adaptation to variable environments 
(Pigliucci 2005), allowing species to rapidly take advantage of temporary resources (Uvarov 
1966). Even under sustained changes in mean environmental conditions, such as current 
climatic warming, a stochastic dispersal pattern may provide selective advantages: focusing 
dispersal events into waves is likely to increase the chances of individuals finding conspecific 
mates at new sites, decreasing the likelihood of local founder effects occurring (Hochkirch 
and Damerau 2009) and counteracting Allee effects (Kindvall et al. 1998, Travis and Dytham 
2002, Kaňuch et al. 2014). Density dependence may also be contributing to the benefits of 
periodic dispersal (see below). 
High phenotypic plasticity of dispersal may also be a selective advantage in fragmented 
landscapes, allowing species to persist in suitable habitat patches (with brachypters which 
have higher fecundity investing in local reproduction) and invest in dispersal and colonisation 
of new sites only sporadically and under favourable conditions. However, if fragmentation is 
so severe – or habitat requirements of species are so specific – that colonisation attempts 
generally fail, stochastic dispersal of large proportions of individuals may increase the 
likelihood of local extinctions. The two present study species are fairly generalist in their 
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habitat requirements (Beckmann et al. 2015) and this combination of traits is evidently 
allowing them to expand across fragmented landscapes and consolidate distributional gains 
successfully. 
April to October temperatures in Britain have increased significantly over the study period, 
and are projected to continue rising throughout this century, while rainfall has increased 
slightly or stayed level and is projected to remain so or decline slightly (UK Met Office 2012, 
Thackeray et al. 2016). I therefore expect weather conditions to remain suitable for further 
range expansion of the study species. 
 
4.5.5 Increase in colonisation rate over time for M. roeselii 
For M. roeselii, there was a significant overall increase in colonisation rate over time, over 
and above the effects of weather (and the non-significant trend (present in 44% of best 
models) for C. discolor was in the same direction) (Table 4.1, Fig 4.5). This suggests that for 
M. roeselii there were factors in addition to the weather parameters included in the current 
study which affected colonisation rate over time. One such factor is likely to be evolutionary 
development towards increased dispersal in the course of the range expansion process, 
which previous studies suggest has taken place in both species – both a lowering of the 
density threshold triggering development of macropters, and an increase in the flight ability 
of macropters (Simmons and Thomas 2004, Travis et al. 2009) (see below). My findings here 
may indicate that this evolution has been more pronounced in M. roeselii than in C. discolor, 
or may be due to variation in the statistical detectability of a trend between the two species 
through other factors. 
 
4.5.6 Population density and macropterism 
In my field surveys I found a significant negative association of population density with 
proportions of long-winged individuals for C. discolor, and no association for M. roeselii 
(Table 4.1). Previous studies have produced varying results: while (Simmons and Thomas 
2004) found negative density dependence of macropterism for C. discolor in both field and 
laboratory observations, and mixed results for M. roeselii (negative density dependence in 
field observations at range margin sites only, and contrasting positive / negative density 
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dependence across all sites depending on the measure of density used), the majority of 
studies have found positive density dependence of macropterism in these and other 
Orthopteran species (Ando and Hartley 1982, Ingrisch and Köhler 1998, Behrens and 
Fartmann 2004, Poniatowski and Fartmann 2011c). 
These differences are likely to be due in part to temporary evolution of dispersal during 
range expansions, and therefore to depend on whether expanding or static, and range core 
or range margin populations are sampled (Simmons and Thomas 2004, Travis et al. 2009). 
Assuming that development of macropters in range core populations is triggered by high 
densities, as most studies suggest, the threshold of response may be lowered temporarily by 
evolution at the advancing range margin during sustained range expansions. If marginal 
populations (initially at low density) did not produce macropters until high densities were 
achieved (potentially many years later), range expansion would be expected to be slow. The 
expanding ‘front’ of range expansion is likely to be formed of successive generations of 
individuals with low thresholds to develop into macropters. These will colonise new sites and 
mate with each other in a positive feedback loop. Near the range margin, development of 
macropters is therefore expected at significantly lower densities than in the range core 
(Travis et al. 2009), explaining why, in the previous study of C. discolor and M. roeselii in 
Britain, range margin populations produced larger numbers of long-winged individuals when 
reared in the lab and controlling for density (Simmons and Thomas 2004). Over time, the 
threshold is then likely to increase again because of a trade-off between energetic 
expenditure on dispersal and on other traits including egg and spermatophore production, 
with selection favouring greater numbers of brachypters again once the expanding range 
margin has moved on (Emlen 2001, Simmons and Thomas 2004, Burton et al. 2010).  
While a reversal of density-dependence (from positive to negative) could potentially evolve, 
this cannot be deduced from my field data. The negative association between density and 
macropterism in my data may be due to the correlation between a lower threshold of 
response (with density-dependence remaining positive) at recently colonised range margin 
sites and lower densities at the same sites (although there was no significant association 
between density and distance from core or age of population in the present study for C. 
discolor (but for M. roeselii older populations did tend to have higher densities) (S 4.10 
Table)). Furthermore, some of the macropters observed may have already dispersed at the 
start of their adult lives (potentially from higher-density populations), rather than originating 
at the sites where they were sampled (Poniatowski and Fartmann 2011c). This pattern might 
be reinforced behaviourally if dispersing macropters tend to settle in low- or medium-
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density populations in preference to high-density sites (Hochkirch and Damerau 2009, Travis 
and Dytham 2012). Further investigations are needed to resolve these questions more fully, 
ideally tracking origins and dispersal movements of macropters in relation to population 
densities.  
I did not find a significant effect of the distance from the population core on numbers of 
macropters, unlike (Simmons and Thomas 2004). This is not surprising given that, in contrast 
to the earlier study, all my field sites were selected to be near the current or recent range 
margins. Also, unlike the earlier study, my sites were sampled over a period of 5 years, 
allowing more variation in weather to occur, while the distance to the range core remained 
constant, explaining why I detected some effects of weather and the earlier study did not. 
  
4.5.7 Dispersal distances 
The “typical maximum dispersal distances” of 31.6 km for C. discolor and 28.8 km for M. 
roeselii calculated in the present study are very large compared to studies based on direct 
observations such as mark-release-recapture (Ingrisch and Köhler 1998). However, other 
methods have inferred larger dispersal distances, for example genetic tests of macropterous 
individuals of M. roeselii during a favourable (hot) year indicated mean dispersal distances of 
8 km and a maximum of 19.1 km (Hochkirch and Damerau 2009). Similarly, a regional 
analysis of 1-2km grid square distribution records during range expansion in north-western 
Germany found maximum dispersal distances for M. roeselii of 5.1-6.3 km (Wissmann et al. 
2009). In flight tunnel experiments, macropters of C. discolor flew a mean of 12.3 km to 
exhaustion in a single sitting, i.e. without major breaks for resting or feeding, with individuals 
from the expanding range margin flying a mean of 16.7 km (Simmons and Thomas 2004). The 
maximum typical dispersal distances calculated in the present study therefore seem 
plausible. I observed a small number of annual dispersal distances in excess of these figures – 
up to a maximum of 216 km for C. discolor and 166 km for M. roeselii (cf. Fig 4.3). Some of 
these may reflect anthropogenic dispersal (Kaňuch et al. 2013), although wind-assisted flight 
cannot be entirely excluded as a possibility. 
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4.6 Conclusion 
This study investigated effects of annual variations in seasonal weather on the rapid range 
expansion over the past four decades of two temperate insects at their north-western range 
margins in Britain, Conocephalus discolor and Metrioptera roeselii (Orthoptera: 
Tettigoniidae). I hypothesised that both seasonal temperature and rainfall would influence 
the range expansion process here. Both species are wing-dimorphic, with a distinct long-
winged (macropterous) dispersal morph, which is likely to be responsible for much, if not all, 
of the long-distance dispersal. The distributions of both species have been monitored by the 
Grasshopper Recording Scheme since 1968, allowing me to investigate effects of seasonal 
weather in two different and complementary ways: an analysis of annual colonisation rates 
from long-term distribution data, and an analysis of numbers of macropters found near the 
current or recent range margins, based on field surveys. 
I found evidence for significant effects of April to July weather on colonisation rates in both 
study species, with a combination of warm and wet conditions increasing colonisation rates. 
There was a positive interaction between temperature and rainfall, such that colonisation 
rates increased for both study species when both warmth and rainfall were high, contrasting 
with little or no increase if either weather parameter was low. I attribute these findings to 
the interacting effects of warmth and moisture on microclimates and vegetation structure 
during the period of juvenile development, although the precise mechanisms still need to be 
established. Warm microclimates increase development rates, potentially leading to reduced 
mortality, higher population densities and increased emigration. Wet conditions reduce the 
risk of desiccation of sensitive insect stages, and boost plant growth, increasing food and 
habitat quality for the study species, both of which favour tall herbaceous vegetation. 
However, wetter weather and taller vegetation also mean cooler microclimates, so it is 
interesting that there was a positive effect of increased rainfall particularly during warm 
years. To my knowledge my study is the first to observe such an interacting effect of 
temperature and moisture on range expansion; the finding suggests that where possible 
these parameters should not be looked at in isolation, as wrong conclusions may be drawn. 
For example, low rainfall may have a neutral or even positive effect in a cold year, but a 
negative effect in a warm year, or levels of range expansion may be underestimated by 
extrapolating temperature effects on colonisation observed during a dry period. 
There was also evidence for positive effects of warm weather during August to October on 
colonisation rates for both study species. For C. discolor there was also a significant effect of 
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low rainfall in August to October of the preceding year on both colonisation rate and 
macroptery. Warm (and / or dry) conditions create warmer microclimates and increase 
insect activity levels and dispersal distances. Increased metabolic rates under warm 
microclimates may also raise reproductive output, leading to higher densities in subsequent 
years, and facilitating establishment of new populations from initially low numbers. 
The results suggest that annual variability in seasonal weather may significantly influence 
expansion rates, and future range changes of sensitive species are likely to proceed at 
variable speeds, with waves of increased expansion in, or following, favourable years. A 
stochastic dispersal pattern might provide selective advantages by concentrating dispersal 
events, with potential benefits for establishment through greater numbers of colonists 
arriving at the same time. Waves of dispersal might also be a selective advantage in 
fragmented landscapes, allowing species to persist in suitable habitat patches and invest in 
dispersal only sporadically and under favourable conditions. 
The stochasticity of seasonal weather means that an element of unpredictability to future 
range expansions of sensitive species will remain, but incorporating information about this 
sensitivity should improve model fits to past expansions and increase accuracy of model 
projections into the future. Given the scale of projected changes in climate over this century, 
a detailed understanding of likely effects on species will be critical for planning conservation 
responses and developing management strategies. 
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5. Informing a standardised method for Orthoptera 
abundance and site monitoring 
 
5.1 Abstract 
With rapid climatic and land use changes affecting many habitats and species, there is an 
urgent need to monitor species’ populations in order to understand how these changes are 
affecting them, to enable conservation decisions to be based on good evidence. Britain is 
fortunate in having a strong tradition of biological recording by volunteers, and for many 
species groups distributions are being successfully monitored through unstructured 
recording. Systematic monitoring of abundances is much rarer, particularly for invertebrates. 
Rigorous abundance monitoring protocols can put recorders off, and survey designs need to 
strike a balance between the quality and quantity of data collected. Where abundance 
monitoring data is successfully collected, it has proved invaluable in assessing the 
conservation status of species, identifying drivers of decline, and investigating wider 
biological and ecological questions. This chapter aims to develop a preliminary protocol for 
Orthoptera abundance monitoring that is suitable for volunteer participation, and presents a 
power analysis in order to estimate what degree of population change might be detectable 
for different species using this approach.  
It is proposed to carry out a combination of acoustic transect counts, box quadrats and 
beating, along existing transect routes used for butterfly and bird monitoring: counting the 
number of stridulating males of each species heard with a bat detector along the transect; 
placing a 1x1m, 75cm high box quadrat at the start and mid-point of each transect section 
and searching it for 1 minute; and beating the nearest trees or bushes for 1 minute after 
each quadrat count using a 100x75cm beating tray (folded box quadrat). Three counts per 
year are proposed during the time of peak adult abundance of most Orthopteran species: 
July, August and September, with surveys conducted during the time of highest acoustic 
activity for the majority of species: between 9:00 and 18:00. The weather should be as 
warm, sunny and still as possible, with a minimum temperature of 18°C and a maximum 
wind speed of 3 Beaufort (19km/h). Counts carried out in this way should provide abundance 
measures for most species in Britain.  
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Results of a power analysis parameterised from existing literature and trial acoustic transect 
counts carried out in 2016 suggest that for abundant species on good quality habitat (with an 
assumed starting count of 60 individuals), between 24 and 52 sites would be needed to 
detect a 30% decline over ten years, depending on the variability of populations and 
sampling accuracy. For rare species on good quality sites, or species on poor quality habitat 
(with an assumed starting count of 6 individuals), slightly higher numbers of between 30 and 
80 sites would be needed to detect such a 30% decline. Considerably higher numbers of sites 
would be required to reliably detect smaller declines of 15% over ten years: between 90 and 
244 sites for abundant species on good quality habitat, and between 126 and 364 sites for 
rare species or poor quality habitats, depending on the variability of populations and 
sampling accuracy.  
Thorough field trials of the proposed method will be required in order to evaluate sampling 
variability and accuracy, and to assess whether recorders find the method practicable and 
enjoyable, and if there are aspects which need revision. The numbers of recorders an 
Orthoptera abundance monitoring scheme is able to attract and retain, and therefore the 
types of species and magnitudes of declines it can expect to monitor successfully, will 
depend on factors including how enjoyable or onerous the protocol is perceived to be, and 
how much organisational support is provided, including feedback and training for recorders. 
If a future Orthoptera abundance monitoring scheme manages to strike a successful balance 
between encouraging wide participation and collecting accurate data, it can greatly support 
the study and effective conservation of an important and popular group of insects. 
 
5.2 Introduction 
5.2.1 The need for monitoring 
Loss of biodiversity is proceeding at rapid rates across many regions, habitats and species 
groups, raising concerns for the conservation of many species, and the resilience of 
ecosystem services and natural capital (Millennium Ecosystem Assessment 2005a, Oliver et 
al. 2015a, Hayhow et al. 2016). There is therefore an urgent need to monitor populations in 
order to set and report against conservation targets, aimed at slowing or reversing declines. 
Population monitoring data are essential for assessing impacts of environmental change as 
well as the efficacy of conservation measures, so that resources available for conservation 
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can be spent effectively (Sutherland et al. 2004). Particularly in economically difficult times 
environmental budgets such as agri-environment payments may come under pressure, and 
expenditure for conservation requires a strong evidence base in order to maintain its place 
on the political agenda. 
 
5.2.2 Citizen science and current monitoring 
Observing effects of environmental change on the natural world over large areas and long 
time periods requires collection of big amounts of data. Many surveys successfully enlist the 
help of volunteer recorders in order to achieve such large-scale and long-term coverage 
(Hochachka et al. 2012). Now often referred to as “citizen science”, this approach has proved 
very effective, contributing to the creation of many of the most important monitoring 
datasets. At the same time, it provides opportunities for scientists to disseminate findings to 
a wider audience, and for naturalists and others with a love of a particular species group or 
area to pursue their interest, develop their knowledge, and gain insights into the process of 
scientific investigation (Bonney et al. 2009, Miller-Rushing et al. 2012). 
Methods of volunteer-based biological record collection range from opportunistic recording 
of species distributions to systematic, randomised monitoring of abundances (Isaac and 
Pocock 2015). Different methods produce different qualities of data, and are suited to 
recorders of different levels of expertise (Pescott et al. 2015). There is often an important 
trade-off between the quality and quantity of data collected, and citizen science projects 
need to strike a balance between scientific rigour and providing an enjoyable experience to 
participants, which will make broad and sustained participation more likely (Dickinson and 
Bonney 2012). Offering different “levels” within a survey can be a useful way to appeal to all 
recorders and simultaneously provide opportunities to learn and progress (Pescott et al. 
2015). 
Britain has a particularly strong tradition of biological recording going back to the Victorian 
collectors of the 19th century and beyond, and many species groups have long-standing 
dedicated recording schemes (Pocock et al. 2015b). Most of these carry out opportunistic 
distribution recording, with periodic atlas publications providing an incentive for semi-
structured targeting of recording effort to maximise coverage. With the exception of birds, 
butterflies, moths and aphids, and more recently bats, herptiles, plants and pollinators, there 
is very little systematic monitoring of abundances, particularly for invertebrates. For 
Chapter 5 – Informing a standardised method for Orthoptera abundance and site monitoring 
160 
Orthoptera, a national recording scheme has collected opportunistic distribution records 
since 1968 (chapter 2). There is currently no structured survey of Orthoptera abundances in 
Britain, and no consensus on the most suitable standard methods (Gardiner et al. 2005). 
 
5.2.3 Uses and limitations of opportunistic distribution monitoring 
Opportunistic distribution monitoring has proved invaluable in establishing the basic 
distributions of many species, and changes therein at broad spatial and temporal scales 
(Preston 2013). Recent developments in statistical methods have increased the power and 
robustness of detecting trends from such unstructured distribution recording data: annual 
estimates of occupancy which are robust to several biases and have good statistical power to 
detect trends can now be derived for species with medium to large amounts of data 
(currently thousands of records per species) (van Strien et al. 2013, Isaac et al. 2014, Fox et 
al. 2015, Hayhow et al. 2016). 
However, several limitations of opportunistic distribution recording for trend estimation 
remain. Firstly, recording is frequently biased in its coverage, for example with higher 
numbers of records in or near urban areas, or at high quality sites such as nature reserves 
which are more interesting for recorders to visit, affecting the representativeness of the 
occupancy estimates (Pescott et al. 2015). Secondly, being based on “presence-only” data, 
species absences have to be inferred from lists of other species recorded, relying on a 
number of assumptions about recorder behaviour (chapter 2). Thirdly, trend analysis 
generally requires a large amount of data (although work is ongoing to reduce the minimum 
number of records needed (Eaton et al. 2015)) – and inferences are therefore not possible / 
reliable for rarer species (Bried and Pellet 2012), and for other species may have to be made 
at very large (national) scales and across all habitats, i.e. may not allow assessment of 
specific habitats or sites. Finally, occupancy model analyses are typically restricted to “high 
quality” data, which are precisely specified in time and space, and have a minimum of two 
(or more) species recorded during a visit (Isaac et al. 2014, August et al. 2015b); this means 
that the majority of opportunistic records is often discarded during analysis – which is not an 
efficient use of recording efforts. 
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5.2.4 Advantages of structured abundance monitoring 
While structured abundance monitoring has the disadvantage of being more prescriptive and 
labour-intensive than opportunistic distribution recording, and therefore may attract fewer 
volunteer recorders, it offers a number of advantages if carried out successfully and achieves 
sufficient participation. 
Firstly, if monitoring sites are selected in a random (or stratified-random) manner, 
assessments are representative, allowing species’ conservation statuses to be assessed more 
robustly. Randomised surveying should also allow detection of population trends in 
widespread species not apparent from monitoring of semi-natural, high-quality, protected 
habitats alone (Cowley et al. 1999, Roy et al. 2005, Roy et al. 2007).  
Secondly, standardised abundance monitoring allows the assessment of population trends at 
specific sites, beyond merely recording presence or absence. For example, the UK Butterfly 
Monitoring Scheme’s primary sampling method of transect walks has become an important 
tool for site monitoring and conservation of butterflies (Pollard and Yates 1993, Thomas 
2005, van Swaay et al. 2008). Population trends can also be compared between sites, for 
example to assess effects of conservation interventions, with a potential to use sites where 
no management was applied as controls (Sutherland et al. 2004). An important caveat is that 
detectability of species may vary between sites (for example due to differences in habitat) 
and abundance estimates for any one year may not be comparable between sites (unless 
detectability is measured) (Pellet et al. 2012). However, trends in abundance estimates can 
be compared between sites, provided that detectability does not change over time. 
Thirdly, declines in species can be difficult to detect from distribution data alone, particularly 
for widespread species and when data are summarised at coarse spatial scales such as for 
national maps (chapter 2), because many local populations may need to go extinct before a 
grid square is lost (Thomas and Abery 1995). Abundance monitoring may allow detection of 
ongoing declines sooner, and may therefore also facilitate identification of the causes of 
declines, and implementation of appropriate conservation actions (Thomas et al. 2006). 
Fourthly, collection of abundance data allows investigation of a wider range of ecological and 
biological questions than distribution data alone, such as long-term population dynamics; the 
interplay between population density and range expansion (chapter 4); population effects of 
natural enemies, and conversely, importance of species in the food web; and relative 
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changes of abundances in different habitats, or different latitudes within a species’ range 
(Cowley et al. 2001a, Cowley et al. 2001b, Hill et al. 2011, Oliver et al. 2012). 
Finally, advances in modelling now allow combining systematic abundance recording data 
and opportunistic distribution data in hierarchical models. In other words, it is not a choice 
between one or the other method and the strengths of both can be combined, yielding 
improved estimates of changes in populations across space and time (Pagel et al. 2014). 
 
5.2.5 Why monitor Orthoptera? 
Insects have been found to react more rapidly to environmental changes than other species 
groups such as birds and plants, meaning they can provide important early warning signals 
(Thomas et al. 2004b). Currently there are very few large-scale abundance monitoring 
datasets for invertebrates other than Lepidoptera, and while there are reasons to believe 
that butterflies are representative of other insects there is still an urgent need to monitor 
additional invertebrate groups (Thomas and Clarke 2004, Thomas 2005).  
As ectothermic species of mostly open habitats, Orthoptera are very sensitive to changes in 
environmental conditions, and populations respond rapidly to climatic and land use changes, 
making them excellent indicators (Benton 2012, Beckmann et al. 2015). In Europe, 
Orthoptera are the most threatened taxonomic group for which assessments have been 
carried out, with over 25% of species threatened with extinction (Hochkirch et al. 2016). 
Their primary habitats, semi-natural grasslands, face multiple pressures from intensification 
of use and nutrient enrichment to abandonment, with the European Grassland Butterfly 
Indicator showing a 30% decline in abundances between 1990 and 2013 (van Swaay et al. 
2015). There is a strong need for monitoring of Orthopteran populations and further 
development of conservation measures for their habitats. 
As large and abundant insects Orthoptera can form a large proportion of insect biomass, 
providing food sources for threatened or declining birds and other species such as reptiles, 
small mammals and spiders (Ingrisch and Köhler 1998, Benton 2012). While none of the 
Orthopteran species in Britain are currently of economic significance, they are important 
both as human food source and as agricultural pests in other parts of the world (van Huis et 
al. 2013). 
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Grasshoppers and crickets are popular insects due to their song and remarkable jumping 
ability. Learning to identify the currently 30 species established in the wild in Britain is a 
manageable task, and importantly, all can be identified to species in the field, making the 
group very suitable for volunteer recording. The fact that the majority of Orthopteran 
species produce loud, species-specific songs is unique among insects in Britain, and offers 
great advantages for recording: songs make species detectable and identifiable across many 
different habitats and at distances of several meters, and counts of singing males have been 
shown to be an effective method for monitoring densities (Fischer et al. 1997, Ragge and 
Reynolds 1998). 
There is currently no structured survey of Orthoptera abundances in Britain, and no standard 
method. “There is an urgent need for development of a standardised sampling technique 
that can produce comparable data from studies with a wide variety of observers in 
grasslands with differing vegetation structures and grasshopper densities” (Gardiner et al. 
2005). 
 
5.2.6 Aims & approach of present study 
The aim of this chapter is to develop a preliminary protocol for Orthoptera abundance 
monitoring in Britain suitable for use by volunteers. It is informed by a review of relevant 
literature, analysis of existing data, and a first trial of methods in 2016. In addition, a power 
analysis is carried out using relevant parameters from the literature and the first trial of 
methods in 2016 in order to assess the potential of such a monitoring scheme to detect 
changes in abundances depending on the number of sites surveyed. A pilot study will be 
required to assess and test the proposed protocol fully with a range of volunteers before it 
could be rolled out. 
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5.3 Survey design 
5.3.1 Number of visits 
Experience from existing volunteer-based monitoring schemes suggests that there is a trade-
off between the amount of sampling effort required by a survey’s methodology (and 
therefore the potential accuracy of sampling), and the likely number of participants (and 
therefore the potential number of sites surveyed) (Tweddle et al. 2012, Stanbury et al. 2015).  
A study which sub-sampled data of the UK Butterfly Monitoring Scheme concluded that 
reducing numbers of annual visits and focusing on the time of peak abundance still produced 
good statistical power: a 3-visit scheme achieved equal power to the full 26-visit scheme 
with an average of only twice as many sites sampled, and a 2-visit scheme with three times 
as many sites sampled (Roy et al. 2007, Brereton et al. 2011). The latter was selected as the 
minimum required in the UK Wider Countryside Butterfly Survey (Brereton et al. 2011). 
In order to maximise likely participation and provide good efficiency, a small number of visits 
during the time of peak abundance is proposed. For analysis purposes, it may be useful to 
survey a small number of sites more frequently in order to be able to detect and account for 
annual variations in emergence dates (Roy et al. 2007). Alternatively, for species with 
sufficient opportunistic distribution data these could be used to estimate phenology (Bishop 
et al. 2013). 
 
5.3.2 Time of year 
The season of peak abundance for most Orthoptera in Britain is July to September (Evans 
and Edmondson 2007, Benton 2012), reflected in monthly numbers of observations in the 
Orthoptera recording scheme database (Fig. 5.1). Bush-crickets (Tettigoniidae) and crickets 
(Grylloidea) tend to have peak numbers of observations during August and September, while 
grasshoppers (Acrididae) tend to have slightly earlier phenologies, with most records during 
July and August. 
Two species with restricted distributions, Field and Mole crickets (Gryllus campestris, 
Gryllotalpa gryllotalpa) form an exception, with most records occurring around May; the 
very few sites where these species occur in Britain would require additional surveys earlier in 
the year to cover their periods of peak activity. The Scaly Cricket (Pseudomogoplistes 
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vicentae) can be found all year round (Sutton 1999, Benton 2012); however, its specialised 
shingle habitat means that it is not suitable to be monitored as part of a survey for other 
Orthopteran species and would therefore require separate, targeted surveys. 
The groundhoppers (Tetrigidae) have long seasons of activity, with a bimodal pattern of 
observation numbers in Britain (Fig. 5.2): an early peak from April to June during the main 
period of reproduction, followed by a dip as adults die off, and a second peak during August 
and September as the new generation emerges. Surveys during (July to) August and 
September would be suitable to cover the second peak of abundance, although individuals 
observed will be immature adults or nymphs (Benton 2012).  
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  Species Common name Apr May Jun Jul Aug Sep Oct Nov 
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Meconema thalassinum Oak Bush-Cricket -1 7 22 23 31 13 -1 -1 
Meconema meridionale Southern Oak Bush-Cricket -1 -1 -1 5 21 28 32 8 
Tettigonia viridissima Great Green Bush-Cricket -1 -1 10 23 34 23 -1 -1 
Decticus verrucivorus Wartbiter -1 -1 11 20 55 14 -1 -1 
Pholidoptera griseoaptera Dark Bush-Cricket -1 10 12 16 29 25 6 -1 
Platycleis albopunctata Grey Bush-Cricket -1 9 18 18 23 26 -1 -1 
Metrioptera brachyptera Bog Bush-Cricket -1 -1 7 20 44 23 -1 -1 
Metrioptera roeselii Roesel’s Bush-Cricket -1 -1 6 24 38 24 5 -1 
Conocephalus dorsalis Short-winged Conehead -1 -1 6 24 37 27 -1 -1 
Conocephalus fuscus Long-winged Conehead -1 -1 -1 12 37 39 7 -1 
Phaneroptera falcata* Sickle-bearing Bush-Cricket -1 -1 -1 12 37 39 7 -1 
Leptophyes punctatissima Speckled Bush-Cricket -1 10 21 21 23 19 -1 -1 
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 Gryllus campestris Field Cricket -1 53 34 5 -1 -1 -1 -1 
Nemobius sylvestris Wood Cricket -1 6 8 19 32 27 6 -1 
Oecanthus pellucens* Tree Cricket -1 -1 -1 19 32 27 -1 -1 
Pseudomogoplistes vicentae Scaly Cricket -1 5 8 -1 23 26 31 -1 
Gryllotalpa gryllotalpa Mole Cricket 24 44 18 -1 -1 -1 -1 -1 
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Tetrix ceperoi Cepero’s Groundhopper 13 23 14 10 16 15 5 -1 
Tetrix subulata Slender Groundhopper 15 27 16 8 14 15 -1 -1 
Tetrix undulata Common Groundhopper 7 17 18 17 23 15 -1 -1 
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Stethophyma grossum Large Marsh Grasshopper -1 -1 -1 18 46 29 -1 -1 
Stenobothrus lineatus Stripe-winged Grasshopper -1 -1 8 32 41 14 -1 -1 
Stenobothrus stigmaticus* Lesser Mottled Grasshopper -1 -1 -1 32 41 14 -1 -1 
Omocestus rufipes Woodland Grasshopper -1 -1 6 24 46 21 -1 -1 
Omocestus viridulus Common Green Grasshopper -1 -1 14 35 35 13 -1 -1 
Chorthippus brunneus Field Grasshopper -1 -1 7 25 37 24 -1 -1 
Chorthippus vagans Heath Grasshopper -1 -1 -1 27 31 32 9 -1 
Chorthippus parallelus Meadow Grasshopper -1 -1 9 28 37 22 -1 -1 
Chorthippus albomarginatus Lesser Marsh Grasshopper -1 -1 5 24 41 26 -1 -1 
Gomphocerippus rufus Rufous Grasshopper -1 -1 -1 12 48 31 7 -1 
Myrmeleotettix maculatus Mottled Grasshopper -1 -1 13 33 35 15 -1 -1 
         
No. of species with monthly percentage of records >=25%  3 1 7 22 13 2  
 15-24% 2 2 6 14 6 10   
 5-14% 2 6 16 7 1 5 8 1 
         
Fig. 5.1:  Phenology of Orthoptera in Britain. 
Colours indicate the percentage of records for each species in the Orthoptera Recording 
Scheme database between 1980 and 2015 which fall within a month: dark blue ≥25%, 
medium blue 15-24%, light blue 5-14% (Orthoptera Recording Scheme 2015a, b).  Dashed 
lines indicate the period July to September. * Asterisks indicate species with very few 
records, where phenology was therefore estimated from the literature (Benton 2012, Fischer 
et al. 2016).  
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Fig. 5.2:  Phenology of groundhoppers (Tetrigidae) in Britain. 
Circles indicate total numbers of records per day of the year between 1980 and 2015. Red lines are fitted values of Generalised Additive Models (GAMs) with a thin 
plate regression spline smooth term, fitted in the R package “mgcv”, version 1.8-12 (Wood 2011). Dashed lines mark the periods April to July and July to September. 
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Sampling during the period July to September would therefore cover all species except the 
two rare cricket species with spring peak abundances. If only two visits are carried out a 
narrower window from mid-July to mid-September would increase the overlap between the 
periods of peak abundance of bush-crickets and grasshoppers. Three example options for 
timing of monitoring visits are illustrated in Fig. 5.3. Timings should be both simple to 
communicate to recorders and leave as much flexibility as possible. Timing options could be 
evaluated further once pilot study data is available. 
 
 
Fig. 5.3:  Example options for timing of surveys for 2-3 annual visits. 
 
5.3.3 Time of day 
As ectothermic insects, Orthoptera rely on minimum ambient temperatures for their activity 
(Ingrisch and Köhler 1998). Highest activity, including stridulation, tends to occur during the 
warmest part of the day for grasshoppers (Acrididae) and other species of open grassland 
habitats. For many crickets (Grylloidea) and bush-crickets (Tettigoniidae) which inhabit taller 
vegetation where differences between day and night temperatures are less pronounced, 
peak activities occur during the second half of the afternoon and the first half of the night, 
particularly in periods when night temperatures are high (Nielsen and Dreisig 1970, Ingrisch 
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and Köhler 1998). Times of greatest singing activity of the British species are summarised in 
Fig. 5.4. 
 
Fig. 5.4:  Times of day of greatest acoustic activity of Orthoptera.  
Green shading indicates times of greatest acoustic activity (Fischer et al. 2016). Dashed lines 
indicate the period 9:00 to 18:00. Grey shading indicates approximate times from sunset to 
sunrise (20:00 to 6:00), corresponding to conditions in southern Britain in the second half of 
August. 
 
Surveys conducted between 9:00 and 18:00 would therefore cover times of peak acoustic 
activity for the greatest numbers of species: all grasshoppers, two out of four crickets which 
sing, and five out of 12 bush-crickets which produce sounds. Three further bush-crickets sing 
during part of this time: the rare Wartbiter has peak activities in the afternoon from about 
12:00 to 18:00, and Dark and Great Green Bush-crickets begin to sing from about 15:00, 
carrying on into the night. Oak and Southern Oak Bush-crickets produce sounds during the 
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night, but these are extremely quiet (created by tapping a leg on a leaf) and not suitable for 
auditory monitoring in any case. 
This leaves four sound-producing species (Sickle-bearing and Speckled Bush-cricket, as well 
as Tree and Mole Cricket) for which periods of peak acoustic activity would not be covered at 
all by surveys between 9:00 and 18:00. With the exception of the Speckled Bush-cricket all of 
these are currently extremely rare in Britain. For these four species, as well as Dark and 
Great Green Bush-crickets, surveys between sunset and midnight would best cover periods 
of peak acoustic activity. It is worth noting that existing structured monitoring schemes for 
other taxonomic groups do not necessarily cover all species, for example the UK Butterfly 
Monitoring Scheme (UKBMS) does not optimally record hairstreaks (Theclinae), and uses a 
range of additional methods for these species, e.g. larval and egg counts for some species 
(Brereton et al. 2016). Similarly, the UK Breeding Bird Survey (BBS) does not record breeding 
populations well for nocturnal owls (Strigiformes) and several species where counts are likely 
to include large numbers of non-breeding, wintering or migratory individuals (Harris et al. 
2016). 
 
5.3.4 Field methods 
No one single field method is suitable for sampling abundance of all Orthopteran species in 
Britain (Gardiner et al. 2005). Acoustic counts are suitable for estimating abundance of males 
of most species and have high detection probabilities provided the species is active, because 
songs of most species can be heard over several meters in many different habitats (Fischer et 
al. 1997). Acoustic counts along transects are particularly suitable for quick, relative 
abundance sampling: recording effort can be standardised by the length of transects, and 
counting ‘on the go’ is time-efficient (Penone et al. 2013, Jeliazkov et al. 2016). Furthermore, 
Orthopteran distributions are often locally clumped, and transect counts are less likely to 
miss clumps than point surveys (Gardiner et al. 2005). Ultrasound (“bat”) detectors are 
frequently used as an aid for acoustic sampling of Orthoptera, allowing detection of higher 
frequency stridulations, and at greater distances than by the unaided ear (Ingrisch and 
Köhler 1998). For acoustic counts to be comparable between recorders, use of bat detectors 
needs to be standardised. 
Quadrat searches are suitable for species that inhabit short or medium-height vegetation 
(i.e. not scrub or trees), which can be searched visually and allow placing of quadrats on the 
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ground, and this method is not dependent on acoustic activity. Quadrats can be open or 
“box quadrats” (also called biocenometers), i.e. with high sides (>50cm) which prevent 
escape of insects. Leaving aside mark-release-recapture methods, which are likely to be 
relatively unpopular for volunteer surveys due to their very time-consuming nature, box 
quadrats have been found to be the most accurate method for estimating abundances in 
habitats with suitable vegetation for their use (Gardiner and Hill 2006, Fischer et al. 2016).  
Beating is suitable for species inhabiting tall herbaceous and woody vegetation, and like 
other active search methods, is not dependent on acoustic activity. It is quick and simple, 
and standardised beating (standard number of taps, standard beating tray size) has been 
used for relative abundance assessments of Orthoptera of these habitats such as the Oak 
bush-cricket Meconema thalassinum (Ausden 1996, Ingrisch and Köhler 1998).  
Sweep-netting has also been successfully used as a method for sampling Orthoptera, but 
catches have been found to vary significantly depending on sweep net height above the 
ground, speed and arc length, so these parameters need to be standardised carefully; in 
addition, as with quadrat searches, sweep netting is not suitable for tall vegetation (O'Neill 
et al. 2002, Gardiner et al. 2005). Sweep netting is particularly suitable for the silent and 
inconspicuous groundhoppers (Tetrigidae), which usually inhabit very short vegetation or 
open ground (Benton 2012). Pitfall trapping is suitable for a minority of ground-dwelling 
species only (Schirmel et al. 2010). 
Fig. 5.5 provides an overview of the suitability of sampling methods for Orthoptera in Britain. 
Suitability was considered good (++) where methods are mentioned as suitable for 
abundance monitoring in the literature cited above for the main habitats in which species 
occur, and limited (+) where reservations are expressed about suitability of the method, or 
about its use in some of the species’ habitats. 
Overall, assuming surveys are conducted between 9:00 and 18:00, a combination of acoustic 
counts, box quadrats and beating would provide suitable methods for recording abundances 
of all species except the rare habitat specialists Scaly and Mole Cricket, and limited suitability 
for three species with greatest acoustic activity after 18:00 only, Dark, Tree, and Sickle-
bearing Bush-cricket (the latter two currently extremely rare in Britain). Acoustic counts after 
sunset would provide the greatest additional benefit, but are probably not suitable for a 
volunteer scheme. Whether volunteers are willing to carry box quadrats will have to be 
evaluated; to be suitable, quadrats need to be light-weight, for example foldable bamboo 
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frames covered with white canvass (Fischer et al. 2016). On the upside, box quadrats reward 
recorders with good views of the species (Gardiner and Hill 2006), and folded quadrats can 
act as beating trays. 
It is proposed to only count adults, because identification of nymphs can be difficult (Evans 
and Edmondson 2007), and because only adults will be detected by acoustic counts, i.e. 
counts between different methods will be more comparable if only adults are counted. If 
surveys are conducted during July to September, an exception will be made for 
groundhoppers, which will be immature or subadult at that time; groundhoppers do not 
stridulate so will not be detected by acoustic counts and the question of comparability of 
methods does not arise. 
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Table 5.1:  Suitability of field methods for recording abundance of Orthopteran species.  
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Meconema thalassinum Oak Bush-Cricket      ++  
Meconema meridionale Southern Oak Bush-Cricket      ++  
Tettigonia viridissima Great Green Bush-Cricket + ++ +   +  
Decticus verrucivorus Wartbiter ++  ++ +    
Pholidoptera griseoaptera Dark Bush-Cricket + ++    +  
Platycleis albopunctata Grey Bush-Cricket ++ ++ + + +   
Metrioptera brachyptera Bog Bush-Cricket ++  + +    
Metrioptera roeselii Roesel’s Bush-Cricket ++  ++ + +   
Conocephalus dorsalis Short-winged Conehead ++  + + +   
Conocephalus fuscus Long-winged Conehead ++  + + +   
Phaneroptera falcata Sickle-bearing Bush-Cricket  ++ + + + +  
Leptophyes punctatissima Speckled Bush-Cricket  ++    ++  
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 Gryllus campestris Field Cricket ++ ++ + + +   
Nemobius sylvestris Wood Cricket ++ ++ + +    
Oecanthus pellucens Tree Cricket  ++ + + + +  
Pseudomogoplistes vicentae Scaly Cricket    +   ++ 
Gryllotalpa gryllotalpa Mole Cricket  ++      
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Tetrix ceperoi Cepero’s Groundhopper   ++ + ++  + 
Tetrix subulata Slender Groundhopper   ++ + ++  + 
Tetrix undulata Common Groundhopper   ++ + ++  + 
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Stethophyma grossum Large Marsh Grasshopper ++  ++ + +   
Stenobothrus lineatus Stripe-winged Grasshopper ++  ++ + +   
Stenobothrus stigmaticus Lesser Mottled Grasshopper ++  ++ + +   
Omocestus rufipes Woodland Grasshopper ++  +  + +  
Omocestus viridulus Common Green Grasshopper ++  ++ + +   
Chorthippus brunneus Field Grasshopper ++  ++ + +   
Chorthippus vagans Heath Grasshopper ++  +  + +  
Chorthippus parallelus Meadow Grasshopper ++  ++ + +   
Chorthippus albomarginatus Lesser Marsh Grasshopper ++  ++ + +   
Gomphocerippus rufus Rufous Grasshopper ++  ++ + + +  
Myrmeleotettix maculatus Mottled Grasshopper ++  ++ + +  + 
 
       No. of species for which suitability of method is:    good 19 9 14  3 3 1 
    limited 2  11 23 18 7 4 
        
Suitability of methods for abundance detection: ++ good, + limited, blank = not suitable.  
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5.3.5 Weather conditions 
Insect activity and detectability strongly depend on ambient temperatures (Pollard 1977, 
Ingrisch and Köhler 1998). Weather during monitoring visits should therefore be as warm 
and sunny as possible, with standard minimum conditions. The UK Butterfly Monitoring 
Scheme, which runs from April to September, stipulates temperatures of 13°C or higher (and, 
between 13 and 17°C, sunshine for at least 60% of the time), maximum wind speeds of 5 on 
the Beaufort scale (38km/h), and no rain. For Orthoptera monitoring during July to 
September, higher minimum requirements are likely to be useful, and feasible: over the past 
30 years (1987-2016) mean and maximum Central England Temperatures during September 
(the coolest month of the July-September period) have been about 5°C higher than during 
April (the coolest month in the April-September period) (Parker et al. 1992, Parker and 
Horton 2005). Therefore, a minimum of 18°C is proposed. High winds affect audibility of 
Orthoptera songs, and a previous acoustic survey required maximum wind speeds of 
19km/h, i.e. 3 on the Beaufort scale, so the same restriction is proposed here (Fischer et al. 
1997). These are preliminary proposals and will need to be evaluated during field trials. For 
all surveys, temperature, percentage sunshine and wind speed need to be recorded, and 
they may be used as covariates during data analysis. 
 
5.3.6 Tie-in with existing surveys 
It is proposed to carry out surveys on existing transects currently monitored for other species 
groups as part of the UK Butterfly Monitoring Scheme (UKBMS), Wider Countryside Butterfly 
Survey (WCBS) and Breeding Bird Survey (BBS). This has several advantages over establishing 
new sites and transects: Firstly, routes are already known and land-owner permissions in 
place where required: a survey of recorders for herptile monitoring found that needing to 
organise access permission and not knowing the site or area were the top factors 
discouraging participation (Stanbury et al. 2015). Secondly, there is potential to recruit 
volunteers from existing large recorder networks to monitor their sites for an additional 
species group; for example, many BBS recorders monitor mammals, dragonflies and 
butterflies along their transects. Thirdly, information about habitats and land use has often 
been recorded already at established sites. Finally, monitoring of different species groups at 
the same sites creates the potential for comparative and multi-taxon analyses. 
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5.3.7 Random sampling framework 
In order to be representative, sampling sites need to be selected at random. However, a 
purely random selection of sites has the disadvantage of being likely to provide insufficient 
sample sizes for rare habitats, and too many survey sites in areas remote from cities and 
towns which volunteer recorders are unlikely to visit. Therefore, in order to ensure sufficient 
sample sizes across all habitats or other regions of interest while maximising participation, 
stratified random selection of sites has been chosen for several existing monitoring schemes, 
with stratification by environmental zones (Countryside Survey), by density of recorders 
(BBS/WCBS), or by habitat (National Plant Monitoring Scheme).  
For Orthoptera monitoring, which has a relatively small pool of potential recorders 
compared to butterflies and birds, random selection and stratification by recorder density is 
proposed for transects on WCBS and on BBS sites, in order to maximise potential 
participation. For transects on UKBMS sites no random selection of sites is suggested, 
because the UKBMS itself is not randomised and most transects are on high quality semi-
natural habitat and / or protected areas, where monitoring site conservation status is of 
interest in itself. 
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5.3.8 Summary of proposed survey method 
The following preliminary survey method is proposed for Orthoptera monitoring. It will need 
to be trialled and evaluated during a pilot study. 
 carry out three counts per year in July, August and September. 
 walk transects between 9:00 and 18:00, recording start and end time. 
 the weather should be as warm, sunny and still as possible (minimum temperature 
18°C, maximum wind speed 3 on Beaufort scale); record temperature, wind speed, and 
percent sunshine. 
 acoustic count: walk along transect with a bat detector, note species and numbers of all 
stridulating males you hear per section. On UKBMS transects, do not double-count 
singing individuals where transect sections are in close vicinity.  
 box quadrats: at the start- and mid-point of each section carry out a box quadrat count, 
i.e. on WCBS / BBS transects one every 100m, 20 in total. Box quadrats 1x1m, 75cm 
high, search for 1 minute using a stick 75cm long to flush insects. 
 beating: at the start- and mid-point of each section, beat the nearest trees or bushes for 
1 minute and count Orthoptera dislodged. Beating tray 100x75cm (folded box quadrat), 
beating stick 75cm long. Omit if there are no trees / bushes within 15m. 
 times taken for a BBS / WCBS transect (for UKBMS depends on length): approx. 45 
minutes for each 1km transect, plus 20 quadrats + 20x beating = approx. 2:10h for 
whole transect 
 
  
Chapter 5 – Informing a standardised method for Orthoptera abundance and site monitoring 
177 
5.4 Sample acoustic transect count data collected 2016 
In June-September 2016, a trial of acoustic transect counts with a bat detector was carried 
out at one UKBMS site in Oxfordshire (Swyncombe Downs SSSI) (Fig. 5.5). No beating or box 
quadrat counts were carried out. As expected, singing activity for grasshoppers (blues) 
started and peaked earlier than for bush-crickets (reds), with maximum numbers of both 
groups recorded during August. Maximum numbers heard during the period suggested for 
monitoring (July to September) ranged from 6 for Long-winged Conehead Conocephalus 
discolor to 60 for Common Green Grasshopper Omocestus viridulus, with an average 
maximum of 39.4 ± 18.3 across species. Mean numbers recorded during these months 
ranged from 3.4 ± 1.7 for C. discolor to 27.6 ± 18.1 for Meadow Grasshopper Chorthippus 
parallelus. 
 
 
Fig. 5.5. Sample acoustic transect count data collected in 2016. 
Numbers of male grasshoppers (blues) and bush-crickets (reds) heard stridulating along 
UKBMS Swyncombe Downs transect in 2016. Each stacked column represents a visit. No 
visits were carried out in weeks with no data, i.e. no samples had zero counts. 
  
Chapter 5 – Informing a standardised method for Orthoptera abundance and site monitoring 
178 
5.5 Power analysis 
In order to estimate what population changes an Orthoptera abundance monitoring scheme 
might be able to detect, a power analysis was carried out. Long-term population dynamics of 
European Orthoptera have received relatively little study so far, perhaps because they 
currently have little economic impact, unlike Orthoptera in other parts of the world (Ingrisch 
and Köhler 1998). There is, therefore, limited information available for parameterising a 
power simulation, and the analysis presented here is preliminary, and is expected to be 
refined when additional data become available, for example from a pilot study trialling the 
monitoring method presented here. 
 
5.5.1 Method 
Statistical power to detect population trends was calculated in the following three steps: (1) 
Random count data with known properties were repeatedly generated for a range of 
different scenarios with different combinations of assumed values for (a) the mean starting 
count of study species; (b) the magnitude of population declines; (c) the variability in 
population numbers and sampling accuracy; and (d) the number of sites sampled. (2) Trends 
in these data were analysed with a method commonly used for existing insect monitoring 
scheme data. 3) Power for each scenario was calculated as the proportion of simulations for 
which a correct trend was detected.  
Simulated count data were generated by adapting methods and code used for power 
analysis during design of the National Plant Monitoring Scheme (Pescott et al. 2015, Walker 
et al. 2015, Pescott et al. 2016): Count data for each study year were simulated as randomly 
generated numbers with  Poisson distributions. The variability produced by pure Poisson 
distributions (with variance equal to mean) was insufficient to recreate realistic coefficients 
of variation (CVs, see below); therefore additional noise was introduced by adding randomly 
generated numbers with a normal distribution centred on zero to the mean counts for which 
Poisson distributions were to be generated, with the standard deviation of this normal 
distribution adjusted to produce desired overall CVs. 
Starting counts (i.e. counts in the first study year) were assumed to be a mean of either 60 or 
6 individuals. The former was taken to represent a transect count of an abundant species on 
a good-quality site: it was the maximum sample count for the most abundant species during 
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trials on Swyncombe Downs SSSI UKBMS transect in 2016 (section 5.3). A count of 6 
individuals was chosen to represent a rare species on a high quality site, or any species on a 
poor-quality “wider countryside” site such as a BBS or WCBS transect: 6 was the maximum 
count for the rarest species on Swyncombe Downs in 2016. 
Population changes were assumed to be exponential, i.e. with a constant rate or proportion 
of change from year to year (Mace et al. 2008). Population count data were simulated with 
two levels of decline: a lower, 15% total decline over ten years (approximately 2% annual 
decline), and a greater, 30% total decline over ten years (4% annual decline). For 
comparison, abundances of wider countryside butterfly species in the UK have declined by 
16% between 2005 and 2014, and butterflies on farmland in England by 37% over the same 
time period (Fox et al. 2015). 
Three levels of assumed annual variability of populations and sampling were explored – 
“low”, “medium” and “high”. Values for the low variability scenario were based on values 
from Richards & Waloff’s 1947-51 study of five species of grasshopper at Silwood Park in 
Berkshire, UK, which is still the most detailed investigation of population dynamics of 
European Orthoptera (Richards and Waloff 1954, Ingrisch and Köhler 1998): Being based on 
a single site not subject to any major changes in management over the study period, and 
sampled intensively by professional researchers, the variability in population counts in this 
study was assumed to represent a “best case”, low variability scenario. CVs were calculated 
for annual total numbers of adults of Richards & Waloff’s study species, and averaged 0.6 for 
the most abundant species (Meadow and Field grasshoppers, Chorthippus parallelus and 
brunneus), and 0.7 for the least abundant (Mottled grasshopper, Myrmeleotettix maculatus). 
For the low variability scenario in the present study, therefore, the CV for populations of 
abundant species (starting count 60) was assumed to be 0.6, and for rare species (starting 
count 6) it was assumed to be 0.7, consistent with observations that counts of sparse 
populations tend to be subject to greater proportional variation (Ingrisch and Köhler 1998). 
For “medium” and “high” variability scenarios, higher coefficients of variation of 0.8 and 1.0 
respectively were assumed for abundant species, and correspondingly greater values of 0.93 
and 1.17 respectively for rare species – values similar to the high end of CVs for insects 
reported in a meta-analysis of a large number of long-term counts of local populations of 24 
taxa (Gibbs et al. 1998). Simulated population counts were capped at ten times the starting 
number in order to prevent individual unrealistically large values affecting results (Pescott et 
al. 2015). All analyses were carried out in the software environment R (R Core Team 2016). 
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Declines in the simulated data were analysed with log-linear Poisson regression models as 
performed by the R implementation of the statistical software TRIM (package “rtrim” 
(Bogaart et al. 2016)). TRIM (“Trends and Indices for Monitoring Data”) is widely used for 
analysis of monitoring scheme data, including the UK Butterfly Monitoring Scheme, the 
Rothamsted Insect Survey, the European Grassland Butterfly Indicator, and the UK Breeding 
Bird Survey (Conrad et al. 2004, UKBMS 2006, BTO 2011, van Swaay et al. 2015). TRIM can 
impute missing values (not required here) and then fits a generalised linear model (GLM) 
with a Poisson error structure and logarithmic link to annual abundances, allowing for 
differences between sites. There are options to take into account serial correlation (non-
independence of counts at the same site in different years) and overdispersion (counts being 
more variable than a pure Poisson distribution would suggest), both of which were employed 
here.  
Simulations were run for a range of 2 to 500 sites (at increments of 2 sites in order to keep 
computing times manageable), and repeated 500 times. For each given number of sites, 
statistical power was then calculated as the proportion of simulations for which the models 
detected a significant negative trend. A LOWESS smoother was fitted to the estimates of 
power, and minimum numbers of sites required for achieving 80% power to detect changes 
were derived from these smoothed values (Cleveland 1981). 
 
5.5.2 Results 
Estimates of statistical power for different scenarios are illustrated in Fig. 5.6., with vertical 
dashed lines indicating minimum numbers of sampling sites required to achieve 80% power. 
Results suggest that for abundant species on good quality habitat (with an assumed starting 
count of 60 individuals), between 24 and 52 sites would be needed to detect a 30% decline 
over ten years, depending on the variability of populations and sampling accuracy. For rare 
species on good quality sites, or species on poor quality habitat (with an assumed starting 
count of 6 individuals), slightly higher numbers of between 30 and 80 sites would be needed 
to detect such a 30% decline. The power analyses suggest that considerably higher numbers 
of sites would be required to reliably detect smaller declines of 15% over ten years: between 
90 and 244 sites for abundant species on good quality habitat, and between 126 and 364 
sites for rare species or poor quality habitats, depending on the variability of populations and 
sampling accuracy.  
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Fig. 5.6:  Estimated power to detect declines over ten years, depending on the assumed 
variability of population numbers and sampling accuracy, magnitude of declines, size of 
starting populations, and numbers of sampling sites. 
Black circles indicate estimates of power for a given number of sites, and red lines show 
LOWESS smoothers. Vertical dashed lines indicate minimum numbers of sampling sites 
required to achieve 80% power (horizontal dashed lines).  
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5.6 Discussion 
Rapid climatic and land use changes are affecting many regions and habitats, and there is an 
urgent need to monitor species’ populations in order to understand differences in how 
species are affected, and be able to base conservation decisions on good evidence, and 
monitor responses to interventions (Sutherland et al. 2004, Hayhow et al. 2016). Britain is 
fortunate in having a strong tradition of biological recording by volunteers, and distributions 
of many species groups including Orthoptera have been monitored for several decades 
through unstructured recording by volunteers. However, systematic monitoring of 
abundances is only carried out for few species groups, particularly among invertebrates. 
Where abundance monitoring data exists, it has proved invaluable in assessing the 
conservation status of species, identifying drivers of decline, and investigating wider 
biological and ecological questions. Rigorous abundance monitoring protocols are likely to 
reduce the number of potential recorders, and survey designs need to strike a careful 
balance between the quality and quantity of data collected. This chapter has aimed to 
develop a preliminary protocol for Orthoptera abundance monitoring suitable for volunteer 
participation, which is enjoyable and not too onerous to take part in, and able to sample 
abundances of as many Orthopteran species as possible.  
Thorough field trials of the proposed method will be required in order to evaluate sampling 
variability and accuracy, and assess whether recorders find the method practicable and 
enjoyable, and if there are aspects which need revision. A pilot study could compare transect 
counts with absolute population estimates of adults obtained through mark-release-
recapture counts in order to assess the accuracy of sampling – for example, how closely 
transect counts are correlated with absolute population estimates over the course of the 
emergence period (Pollard and Yates 1993). Similarly, the gains to be achieved through 
greater recording effort (more frequent transect counts, greater numbers of box quadrat 
counts per transect) could be assessed (Roy et al. 2007). Differences between recorders 
could be investigated by carrying out counts on the same transects on the same days.  
Counts of seasonal invertebrates have been evaluated by estimating the area under the 
emergence curve for each species at each site, for example by using Generalised Additive 
Models to fit a smoothed line, allowing interpolation of any missing counts (Rothery and Roy 
2001). With reduced sampling of three visits per year as proposed here, this will not be 
possible, and a covariate for time of year (such as calendar week) could be included in 
analyses in order to account for variation in abundances over the season (Roy et al. 2007). It 
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would therefore be useful to survey a few sites more intensively, in order to be able to 
estimate and account for annual variation in phenology; alternatively, phenology could be 
estimated from unstructured distribution records with life stage information (Roy et al. 2007, 
Bishop et al. 2013). It is increasingly becoming possible to include other covariates in 
analyses as well, for example conditions on the day of sampling such as survey time and 
weather, and environmental information such as climate and land cover (Hochachka et al. 
2012, Dennis et al. 2016). Such advances in modelling techniques are likely to improve 
accuracy of estimates further in future, but will also require more input data; this will need 
to be considered in detail before a recording method is rolled out, so that information is 
recorded as required and recording is as “future proof” as possible. 
There is a level of duplication in the proposed design in that many species are sampled by 
both acoustic counts and box quadrats (Table 5.1). However, the methods complement each 
other, and there are advantages to having both. The combination of both methods provides 
greater species coverage: acoustic counts are more suitable for several bush-cricket species, 
which inhabit tall vegetation, while box quadrats may detect groundhoppers (Tetrigidae), 
which do not stridulate. Acoustic counts allow rapid and efficient survey of large areas 
because species can be detected at distances of several meters, provided they are 
stridulating. Box quadrats sample much smaller areas, but are not as activity-dependent as 
acoustic counts. A combination of acoustic and visual counts could also be important for 
providing an enjoyable recording experience to recorders. Finally, for species which are 
sampled well by both methods, employing both may allow assessment of detectability of 
one method by using the counts of the other (Pellet et al. 2012).  
Estimated numbers of sites required to detect declines for different types of species 
produced in the power analysis here (section 5.4.2) broadly agree with estimates produced 
for a national pollinator monitoring scheme, which suggested that between 20 and 75 sites 
would be needed to detect 30-50% changes over ten years for common species (Carvell et al. 
2016). However, the numbers of the low and medium variability scenarios are lower than 
those of a power analysis for a 3-visit scheme produced by sub-sampling actual monitoring 
data of the 26-visit UK Butterfly Monitoring Scheme, which concluded that for univoltine 
species with a single peak of adult activity in the summer (which many Orthoptera in Britain 
are (Beckmann et al. 2015)), an average of 261 sites would be required to detect a 25% 
decline in abundance over 10 years, and an average of 45 sites to detect a 50% decline (Roy 
et al. 2007). Only the high variability scenarios here produced similar estimates, suggesting 
that for a volunteer-based survey which encompasses a large variety of sites this is a more 
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realistic assumption for variability of population counts than the medium- and low-variability 
scenarios. In the context of the proposed monitoring scheme, medium or low count 
variability is perhaps likely to occur only for abundant species on nature reserves which are 
under consistent long-term management, and sampled by professional staff. Results from a 
pilot study of the proposed method could be used to parameterise and revise the power 
analysis. 
The numbers of recorders an Orthoptera abundance monitoring scheme attracts and retains, 
and therefore the types of species and magnitudes of declines it can expect to monitor 
successfully, will depend on factors including how enjoyable or onerous the protocol is 
perceived to be, and how much organisational support is provided, including feedback and 
training for recorders (Tweddle et al. 2012, Pocock et al. 2015b, Stanbury et al. 2015). If 
participation is low, a focus on regions or habitats could reduce variation between sites and 
hence provide better estimates, and the method could also be useful for monitoring of 
individual important sites in a standardised way. On a large scale, the usefulness of an 
abundance monitoring method will depend on the accuracy of sampling it achieves, and the 
level of participation over time and space. The method proposed here will need to be 
evaluated and refined through field trials and feedback from recorders, in order to strike the 
best balance between encouraging wide use and collecting accurate data. If it manages to do 
both, it can greatly support the study and effective conservation of an important and popular 
group of insects with the help and involvement of a wider public. 
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6. General Discussion 
6.1 Summary of main findings 
This thesis had two main aims: (1) to investigate interspecific differences in recent range 
changes of Orthoptera in Britain, and effects of climatic change and climatic variability on the 
pattern and process of range expansion of two rapidly expanding species, and (2) to review 
and evaluate the available Orthoptera recording data in Britain, and the scope for 
development and expansion of Orthoptera monitoring in future in order to maximise its 
usefulness for conservation and research.  
In chapter 2, I critically reviewed the Orthoptera Recording Scheme and its data, and the 
application of statistical methods for distribution trend analysis. I found that over five 
decades of operation since 1968, the scheme’s practices of record notation and sharing have 
evolved considerably, and in combination with the absence of standardisation and measures 
of recording effort this has led to a range of biases in the data collected. Several statistical 
methods for distribution trend analysis that take such biases into account are available, but 
care is needed with the selection of methods and setup of analyses in order to meet the 
assumptions made.  
In chapter 3, I employed one of these methods to calculate distribution trends for 
Orthopteran species in Britain, and linked them to their biological traits in order to 
understand whether traits explain interspecific differences in responses to climate and land 
use change. I found large changes in the distributions of some species, and positive 
relationships between three traits and range change that accord well with the nature of 
recent environmental changes: ranges tended to increase for habitat generalists, species 
that oviposit in the vegetation above ground, and for those with a southerly distribution. 
However, the trait effects applied mainly just to two species, Conocephalus discolor and 
Metrioptera roeselii, which had shown the greatest range increases. I concluded that trait-
based analyses may contribute to understanding interspecific differences in responses to 
environmental change, but results need to be interpreted with caution and may have limited 
predictive power beyond the study system.  
In chapter 4, I assessed the influence of seasonal weather on the range expansion process of 
these two rapidly spreading species, specifically on (1) annual colonisation rates, calculated 
from distribution monitoring data, and on (2) incidence of dispersive individuals near the 
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range margins, sampled in field surveys. I found that colonisation rates were higher for both 
species in years when weather was both warm and wet during the period of juvenile 
development, and colonisation rates were also positively associated with warm (and dry, for 
C. discolor) weather during the period of adult dispersal and reproduction. There was some 
limited evidence for similar effects of seasonal weather on the incidence of macropterous 
individuals in C. discolor, but not for M. roeselii. The findings suggest that annual variations in 
seasonal weather significantly influence range expansion rates, and that the study species 
are likely to undergo waves of expansion in climatically favourable years. This may increase 
successful establishment of new populations through greater numbers of colonists, and may 
also be advantageous in fragmented landscapes, allowing species to invest in dispersal only 
sporadically and under favourable conditions. The findings also highlight the importance of 
considering interactive effects of temperature and precipitation.  
In chapter 5, I assessed the feasibility of structured Orthoptera abundance and site 
monitoring by volunteers, with a view to improving available data quality for, and the 
potential scope of, a broad range of future research. Based on literature, existing data, and a 
first trial of methods, a protocol is proposed which should be able to sample abundances of 
most species and be suitable for volunteers. The protocol consists of three daytime acoustic 
transect counts on existing butterfly or bird monitoring sites in July, August and September, 
with stops for carrying out box quadrat and beating counts. A power analysis suggested that 
35-45 sites will be needed to detect large, 30% declines over 10 years, and 150-220 sites to 
detect smaller, 15% declines. Structured abundance monitoring of Orthoptera in Britain 
therefore looks feasible, but comprehensive field trials will be required in order to evaluate 
sampling variability and accuracy of the proposed protocol, and assess whether it is 
practicable and enjoyable for recorders. 
In the following, I briefly reflect on these findings together, on some ideas for follow-on 
research, and on developments of Orthoptera recording by volunteers and the role of the 
data produced in future research. 
 
6.2 Future research, and the role of citizen science data 
The investigations of effects of species traits and seasonal weather on range changes are 
both correlative analyses, with measures of range change and colonisation rate related to 
explanatory variables in regression models. While the results can suggest likely underlying 
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mechanisms and have been interpreted in light of existing mechanistic studies, additional 
studies will be useful to corroborate and explore the findings presented here further (Hanski 
2015). The nature of the Orthoptera recording scheme data makes analysis most robust 
when summed at large temporal and spatial scales (chapter 2) and therefore most suitable 
for broad, correlative studies. Availability of rigorous, site-specific abundance data collected 
with a standard protocol would increase the opportunity for more detailed, mechanistic 
investigations. For example, abundance data would allow further investigation of the effects 
of population density on macropterism across species’ ranges. Availability of abundance data 
would also increase the opportunities for other research areas, such as fluctuations of 
populations in response to weather and natural enemies, and generally allow closer linkage 
of observed changes in distributions to processes of population dynamics. This may be 
particularly useful, because both the investigations of trait effects on range change (chapter 
3) and of seasonal weather effects on the range expansion process (chapter 4) highlighted 
that the factors influencing range changes are complex, and their effects frequently combine 
and interact. A combination of abundance data with distribution data might therefore allow 
more detailed investigation and understanding of this complexity.  
 
6.2.1 Stochastic range expansion 
The finding that seasonal weather significantly affects colonisation rates, leading to 
stochastic spread, has been little investigated so far to my knowledge, and has potential 
importance for understanding species’ spread through fragmented landscapes (chapter 4). 
Further investigations would therefore be of interest. Additional stochastic weather 
parameters likely to influence dispersal and / or colonisation could be considered, such as 
droughts or floods during the period of juvenile development, or the occurrence of southerly 
winds during the period of adult dispersal. 
My finding of a significant interaction between the effects of warmth and rainfall on 
distributional changes has also received little study so far to my knowledge and further 
investigations would be of interest. For example, interactions between different seasonal 
weather parameters, or between the effects of spring and autumn weather could be 
considered.  
While I investigated here only the temporal pattern of spread, a study of the spatial pattern 
could corroborate findings and consider other factors in addition, and investigate some of 
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the ideas raised: if range expansions can be modelled in a way that takes temporal and 
spatial variations in recording effort into account – for example using dynamic occupancy or 
spatial survival models (Purse et al. 2015) – it would become possible to test whether 
differences in environmental conditions such as local climate or land cover influence which 
areas are colonised first. A spatial model of spread might also allow investigation of the 
importance of habitat fragmentation. Such an investigation would be helped by a study of 
gradients in habitat associations across species’ ranges (Oliver et al. 2012). 
 
6.2.2 Further investigations of macropterism 
Establishment of an abundance monitoring scheme for Orthoptera would create 
opportunities for a variety of future research (chapter 5). For example, if population 
densities as well as incidence of wing morphs are recorded during visits (the latter during box 
quadrat counts), a clearer large-scale picture of density effects on macropterism might 
emerge.  
It is currently unclear at what point in the season macropters disperse – only at the start of, 
or throughout, their adult lives. It is generally thought that dispersal occurs early in the adult 
season (Ingrisch and Köhler 1998), but there is little concrete evidence. Perhaps this could be 
investigated with a mark-release-recapture study to compare recovery rates of macropters 
and brachypters over a season. Such a study could perhaps be coupled with genetic tests to 
establish whether macropterous adults are of local origin or have flown in (Hochkirch and 
Damerau 2009), or it might be possible to permanently mark developing juveniles.  
 
6.2.3 Future perspectives for distribution monitoring 
Over five decades of operation since 1968 the Orthoptera Recording Scheme has successfully 
built up and maintained a pool of recorders, coordinators, and data, with numbers of 
incoming records roughly level at approximately 3,000 per annum since 1990 (Fig. 2.12). The 
scheme has successfully developed with the times, and with the iRecord online system and 
the iRecord Grasshoppers mobile app has efficient and convenient routes for data collection, 
submission and curation in place. The new sound recording functionality of the app is an 
exciting development that should facilitate submission and verification of additional records, 
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and the bat detector function provides low-cost access to a powerful technological recording 
aid to recorders (Fig. 2.4). There are therefore good prospects for the recording scheme’s 
future. Nevertheless, the scope for further evolution and optimisation could be explored, 
with the aim of maintaining and further developing the balance between satisfaction for 
recorders and users of data (Preston et al. 2012). 
 
6.2.3.1 Recording of complete lists and absences 
As discussed in chapter 2, occupancy detection models are the most powerful and robust 
current method for distribution trend analysis for species with sufficient quantity and quality 
of data (Isaac et al. 2014), and they are likely to be increasingly used in future for data 
analysis and conservation status assessments. A key assumption occupancy models make is 
that species are recorded against a full list, in order to infer non-detections of species. It 
would therefore be useful to encourage recorders to consistently survey sites for all species 
of the group and mark records as such when they have done so. The iRecord Grasshoppers 
app multi-species recording form allows recorders to do so by ticking a box indicating a full 
list (Fig. 2.4). However, it is receiving very little use so far. Other citizen science projects have 
been very successful in encouraging recording of complete lists, for example the “e-bird” 
project: the majority of records are now submitted as checklists, and throughout the project 
records are referred to as “checklists” rather than sightings or records (http://ebird.org). In 
the Orthoptera scheme, recording of complete lists could be encouraged further in a number 
of ways, from giving it an increased profile in scheme communications, to adding 
information to the online recording form, and making the multi-species recording form the 
default in the app. In addition to recording of full lists, the recording scheme could explore 
ways to allow recorders to make “absence records”, i.e. indicate explicitly when they have 
surveyed an area for a species and not found it. 
However, the lack of prescriptiveness is a strength of current recording that allows new 
recorders to become involved and make first contributions, so any changes would have to be 
introduced carefully and be well explained. Offering different levels of participation may be 
the best way (Pescott et al. 2015), and encourage recorders to progress from submission of 
single records to submission of complete lists, and potentially to structured abundance 
monitoring.  
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6.2.4 Future perspectives for abundance monitoring, sound recording and 
classification 
If the abundance monitoring protocol developed in chapter 5 is successfully field-tested, and 
deemed suitable for wider use by volunteers, in its current form or with amendments, this 
could mark an important advance for the study and conservation of Orthoptera in Britain. 
One of the key recommendations of the recently published first European Red List of 
Orthoptera is the development of a pan-European monitoring programme for Orthoptera 
(Hochkirch et al. 2016), and experience from development and field testing of this protocol 
could potentially contribute to this goal.  
A complementary development might be the integration of sound recording and automated 
sound classification. Automatic classification (i.e. identification) of species sounds has been 
the subject of research for more than a decade (Chesmore and Ohya 2004, Riede et al. 
2006). Classifications are still prone to large errors for many species, but are beginning to 
become more precise with quantifiable levels of accuracy: a recent study of bush-crickets in 
Britain achieved greater than 85% accuracy (counting both false negatives and false 
positives) for two out of six species (Newson et al. 2017), while another study in France 
achieved greater than 90% accuracy (not counting false negatives) for two species analysed 
(Jeliazkov et al. 2016). Developments in recording technology, sound libraries (Riede et al. 
2006, Baker et al. 2015, Cigliano et al. 2017) and classification algorithms are set to continue 
and are likely to make collection and processing of very large bioacoustic datasets more 
feasible in future. 
It is therefore likely that it will become possible to combine abundance monitoring data 
collected by recorders along a transect with information from automated, continuous 
monitoring at one or several points along the transect. Due to the high current cost of 
recording devices, and since each device can only monitor a small surrounding area, it would 
not be practical to monitor an entire site with automated devices (Newson et al. 2017). 
However, if recording devices are deployed at one or several points along a transect, these 
could provide precise measures of seasonal and daily activity patterns of Orthoptera, by 
which transect counts covering the whole site could then be weighted. 
A further possibility is to make audio recordings of Orthoptera calls in a standardised way 
during each monitoring visit, for example by carrying a light-weight recorder along transects 
(Zilli et al. 2014). Perhaps the sound recording function of the iRecord Grasshoppers app 
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could be used for this purpose, if the quality of recordings provided by different mobile 
devices using the app is comparable (perhaps with a low-cost standardised external 
microphone). Recordings made during transect counts would allow quality control of counts, 
resulting in greater standardisation across sites, particularly if recordings are analysed in an 
automated or semi-automated way. Archiving of such recordings would allow standardised 
automated analysis across years and sites with improved algorithms developed in future. 
Ways to integrate sound recording into the current protocol could be explored as part of a 
pilot study. 
 
6.3 Outlook 
Climate and land use changes are set to continue throughout this century and beyond, with 
expected ongoing impacts on species’ distributions, highlighting the importance of 
monitoring and study of distributional change to inform conservation. The recently published 
first European Red List of Orthoptera classed more than 25% of Orthopteran species in 
Europe as Threatened, making Orthoptera the most endangered group of terrestrial 
invertebrates assessed so far (Hochkirch et al. 2016). At the same time, as this thesis has 
shown, a proportion of species are expanding their distributions rapidly, which will change 
community compositions in the future. It is hoped that the findings of this thesis contribute 
to the understanding of interspecific differences in distributional change, and of the 
underlying processes, and will inform and facilitate further research in future. Biological 
recording by members of the public will continue to be important in this process – both as an 
effective way of gathering data, and as a way of fostering involvement of people with nature 
and an understanding of the living world. 
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S 2.1 Table:  Results for three distribution trend measures for Orthoptera in Britain, 1980-2009 
 relative range change index reporting rate model occupancy detection model 
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              Meconema thalassinum 325 317 -0.30 -0.053 0.005 *** 0.262 0.026 *** 0.005 0.015  1,198 
Tettigonia viridissima 145 135 -0.42 -0.043 0.017 * 0.773 0.080 *** -0.059 0.011 *** 369 
Pholidoptera griseoaptera 419 424 -0.19 -0.008 0.006  0.559 0.030 *** -0.020 0.008 * 2,107 
Platycleis albopunctata 56 55 -0.40 -0.080 0.025 ** 0.621 0.100 *** -0.074 0.030 * 222 
Metrioptera brachyptera 74 70 -0.43 -0.030 0.021  0.635 0.104 *** -0.043 0.012 *** 223 
Metrioptera roeselii 73 352 2.27 0.128 0.008 *** 0.649 0.038 *** 0.078 0.010 *** 1,563 
Conocephalus discolor 46 406 3.24 0.174 0.009 *** 0.591 0.036 *** 0.089 0.014 *** 1,147 
Conocephalus dorsalis 139 218 0.43 0.036 0.015 * 0.718 0.064 *** -0.005 0.009  487 
Leptophyes punctatissima 351 451 0.38 0.029 0.005 *** 0.437 0.026 *** 0.032 0.013 * 2,186 
Nemobius sylvestris 17 19 -0.31 0.022 0.036  0.397 0.162 * -0.023 0.019  55 
Tetrix ceperoi 25 27 -0.33 -0.109 0.042 * 0.540 0.161 *** -0.036 0.016 * 58 
Tetrix subulata 175 302 0.69 0.006 0.009  0.332 0.038 *** -0.015 0.013  554 
Tetrix undulata 314 315 -0.24 -0.013 0.008  0.552 0.040 *** -0.046 0.016 ** 782 
Stethophyma grossum 14 7 -1.40 -0.061 0.057  0.847 0.274 ** -0.031 0.018  33 
Stenobothrus lineatus 70 76 -0.24 0.001 0.021  0.874 0.096 *** -0.031 0.012 * 226 
Omocestus rufipes 51 38 -0.78 -0.016 0.024  0.508 0.092 *** -0.049 0.016 ** 156 
Omocestus viridulus 417 372 -0.50 -0.049 0.007 *** 0.596 0.037 *** -0.041 0.011 ** 1,330 
Chorthippus brunneus 576 525 -0.54 -0.055 0.005 *** 0.827 0.032 *** -0.092 0.029 ** 2,960 
Chorthippus vagans 6 6 -0.56 -0.389 0.002 *** 1.679 0.002 *** 0.009 0.007  24 
Chorthippus parallelus 541 533 -0.24 -0.014 0.005 ** 0.955 0.036 *** 0.004 0.011  3,167 
Chorthippus albomarginatus 126 264 0.92 0.039 0.009 *** 0.790 0.051 *** 0.023 0.011  999 
Gomphocerippus rufus 27 25 -0.53 0.023 0.035  0.522 0.145 *** -0.034 0.014 * 98 
Myrmeleotettix maculatus 219 166 -0.74 -0.099 0.014 *** 0.966 0.071 *** -0.055 0.011 *** 631 
              
Red shading indicates negative trend estimates, green shading positive. The relative range change index has no measure of significance for individual species’ indices. For reporting 
rate and occupancy models significance of trend estimates is indicated by asterisks (* P<0.05, ** P<0.01, *** P<0.001). Species for which a relative range change index could not be 
calculated are excluded, i.e. species occurring in 5 or fewer surveyed hectads in the 1980-9 time period.  
 194 
al
l s
p
e
ci
e
s 
 
sp
e
ci
e
s 
w
it
h
 >
5
0
0
 s
u
it
ab
le
 r
e
co
rd
s 
 
S 2.1 Fig.:  Pairwise comparison of three distribution trend measures. 
Distribution trend estimates are compared for all species (top), and for species a minimum of 500 suitable records for reporting rate and occupancy models (bottom). 
Solid lines indicate linear models. Axis scales have been kept identical to facilitate comparison. For detailed distribution trend values see S 2.1 Table. 
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S 3.1 Fig. “Working phylogeny” of grasshoppers and related species in Britain.  
In the absence of a comprehensive phylogeny of the study species, this “working phylogeny” 
was approximated based on taxonomic divisions according to the Orthoptera Species File, 
with all branch segment lengths assumed to be equal (Grafen 1989, Eades et al. 2013).  
 
N.B.: In keeping with currently prevailing use in Britain and in line with the rest of the text, 
some species names have been altered from the Orthoptera Species File, and subgenus 
names are not included: Omocestus (Omocestus) viridulus = Omocestus viridulus; Omocestus 
(Omocestus) rufipes = Omocestus rufipes; Chorthippus (Glyptobothrus) vagans = Chorthippus 
vagans; Chorthippus (Glyptobothrus) brunneus = Chorthippus brunneus; Chorthippus 
(Chorthippus) parallelus = Chorthippus parallelus; Chorthippus (Chorthippus) albomarginatus 
= Chorthippus albomarginatus; Conocephalus (Anisoptera) dorsalis = Conocephalus dorsalis; 
Conocephalus (Xiphidion) fuscus = Conocephalus discolor; Roeseliana roeselii = Metrioptera 
roeselii.  
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S 3.2 Fig. Scatter- and boxplots of annual relative numbers of hectad records for species 
with the greatest positive range changes.  
To account for changes in overall recording effort, annual numbers of hectads in which a 
species was recorded were calculated as a percentage of the total number of hectads 
surveyed in the respective year.  
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S 3.3 Fig. Scatter- and boxplots of annual relative numbers of hectad records for species 
with the greatest negative range changes.  
To account for changes in overall recording effort, annual numbers of hectads in which a 
species was recorded were calculated as a percentage of the total number of hectads 
surveyed in the respective year. 
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S 3.1 Table. Grasshopper and related species range changes between 1980-9 and 2000-9.  
Range sizes and “uncorrected” and “corrected” range change values for four levels of recording effort. 
 
based on hectads with >=1 species recorded 
in both time periods 
based on hectads with >=2 species recorded 
in both time periods 
based on hectads with >=3 species recorded 
in both time periods 
based on hectads with >=4 species recorded 
in both time periods 
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Meconema thalassinum 315 294 -0.11 -0.34 -0.41 277 247 -0.20 -0.46 -0.68 247 216 -0.26 -0.48 -0.72 215 193 -0.24 -0.47 -0.71 
Tettigonia viridissima 139 125 -0.13 -0.43 -0.39 127 112 -0.16 -0.47 -0.47 118 107 -0.13 -0.41 -0.34 113 99 -0.18 -0.48 -0.52 
Pholidoptera griseoaptera 405 401 -0.02 -0.19 -0.18 353 360 0.05 -0.09 0.02 317 318 0.01 -0.07 0.03 263 274 0.14 0.07 0.34 
Platycleis albopunctata 52 49 -0.06 -0.43 -0.16 50 48 -0.04 -0.39 -0.1 48 44 -0.10 -0.47 -0.25 46 40 -0.16 -0.54 -0.41 
Metrioptera brachyptera 74 68 -0.09 -0.44 -0.26 64 63 -0.02 -0.34 -0.03 57 56 -0.02 -0.35 -0.05 49 50 0.02 -0.30 0.08 
Metrioptera roeselii 71 332 1.95 2.31 - 70 278 1.88 2.17 - 64 241 1.88 2.10 - 60 206 1.85 2.05 - 
Conocephalus discolor 46 378 2.63 3.23 - 42 331 2.79 3.36 - 38 293 2.91 3.39 - 36 253 2.96 3.45 - 
Conocephalus dorsalis 137 213 0.55 0.48 1.53 131 186 0.48 0.37 1.31 119 158 0.40 0.27 1.09 108 140 0.39 0.24 1.05 
Leptophyes punctatissima 337 424 0.42 0.39 1.1 315 380 0.45 0.44 1.2 280 335 0.51 0.56 1.43 240 290 0.65 0.71 1.77 
Nemobius sylvestris 18 19 0.05 -0.36 0.24 17 19 0.11 -0.27 0.42 17 19 0.11 -0.31 0.33 16 18 0.12 -0.28 0.4 
Tetrix ceperoi 25 27 0.08 -0.30 0.29 25 26 0.04 -0.34 0.19 24 25 0.04 -0.36 0.13 23 24 0.04 -0.34 0.17 
Tetrix subulata 171 282 0.68 0.67 1.87 156 241 0.65 0.61 1.79 136 212 0.70 0.67 1.9 126 180 0.60 0.53 1.63 
Tetrix undulata 309 298 -0.06 -0.27 -0.26 270 267 -0.02 -0.21 -0.15 229 236 0.06 -0.07 0.17 205 203 -0.02 -0.20 -0.1 
Stethophyma grossum 14 7 -0.67 -1.40 -1.9 14 6 -0.82 -1.57 -2.32 13 6 -0.75 -1.49 -2.12 13 6 -0.75 -1.46 -2.1 
Stenobothrus lineatus 68 72 0.06 -0.24 0.18 59 64 0.09 -0.20 0.28 55 58 0.06 -0.25 0.17 51 50 -0.02 -0.36 -0.05 
Omocestus rufipes 49 37 -0.29 -0.74 -0.81 43 36 -0.19 -0.60 -0.5 37 32 -0.15 -0.57 -0.42 33 32 -0.03 -0.41 -0.06 
Omocestus viridulus 402 350 -0.25 -0.51 -0.85 307 266 -0.28 -0.54 -0.9 261 215 -0.39 -0.63 -1.07 211 178 -0.35 -0.62 -1.03 
Chorthippus brunneus 553 500 -0.27 -0.50 -0.98 452 428 -0.21 -0.40 -0.8 389 367 -0.29 -0.40 -0.84 324 319 -0.11 -0.19 -0.42 
Chorthippus vagans 6 6 0.00 -0.54 0.14 6 6 0.00 -0.52 0.16 6 6 0.00 -0.58 0.01 6 6 0.00 -0.54 0.09 
Chorthippus parallelus 526 503 -0.11 -0.29 -0.5 459 438 -0.19 -0.37 -0.75 398 377 -0.30 -0.40 -0.88 334 320 -0.33 -0.49 -1.12 
Chorthippus albomarginatus 123 241 0.85 0.87 2.37 114 203 0.78 0.76 2.18 101 179 0.80 0.77 2.19 94 153 0.72 0.65 1.98 
Gomphocerippus rufus 27 25 -0.08 -0.51 -0.17 24 23 -0.04 -0.45 -0.05 22 22 0.00 -0.43 0.01 21 22 0.05 -0.35 0.18 
Myrmeleotettix maculatus 206 157 -0.34 -0.70 -1.04 173 134 -0.34 -0.69 -1.02 154 118 -0.37 -0.69 -1.01 134 96 -0.48 -0.84 -1.34 
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S 3.2 Table. Results of Grubbs’ tests for outliers.  
 
   “uncorrected range change” “corrected range change” 
  
 
 level of recording effort 
(minimum number of 
species recorded in 
“surveyed squares”) 
  level of recording effort 
(minimum number of 
species recorded in 
“surveyed squares”) 
 
   1 2 3 4 1 2 3 4 
Conocephalus 
discolor 
G 3.25 3.38 3.42 3.47 3.20 3.33 3.35 3.41 
p 0.0018 0.0007 0.0005 0.0003 0.0025 0.0010 0.0009 0.0006 
Metrioptera 
roeselii  
G 3.43 3.38 3.34 3.33 3.32 3.26 3.20 3.19 
p 0.0004 0.0005 0.0007 0.0008 0.0009 0.0014 0.0021 0.0022 
 
Test statistics (G) and p-values (p) for “uncorrected” and “corrected range change” and four 
levels of recording effort. In each case, Conocephalus discolor and Metrioptera roeselii were 
identified as outliers. 
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S 3.3 Table. Results of Shapiro-Wilk tests for normality of residuals. 
 
   test statistic W p-value 
 
range change 
measure 
recording 
effort level 
min median max min median max 
% of p-
values 
>= 0.05 
models 
with all 
species 
“uncorrected” 
1 0.906 0.957 0.974 0.033 0.405 0.790 98 
2 0.929 0.961 0.982 0.104 0.480 0.935 100 
3 0.918 0.962 0.985 0.060 0.506 0.974 100 
4 0.932 0.968 0.985 0.122 0.631 0.975 100 
“corrected” 
1 0.913 0.958 0.974 0.048 0.418 0.789 98 
2 0.921 0.961 0.977 0.069 0.488 0.844 100 
3 0.919 0.960 0.983 0.063 0.468 0.945 100 
4 0.936 0.960 0.980 0.147 0.454 0.911 100 
models 
with 
species 
excluding 
C. discolor 
and M. 
roeselii 
“uncorrected” 
1 0.855 0.924 0.977 0.005 0.104 0.871 81 
2 0.881 0.949 0.978 0.016 0.327 0.890 96 
3 0.907 0.944 0.978 0.048 0.266 0.897 98 
4 0.938 0.967 0.987 0.195 0.671 0.988 100 
“corrected” 
1 0.863 0.924 0.978 0.007 0.104 0.896 91 
2 0.895 0.955 0.978 0.028 0.420 0.889 98 
3 0.909 0.949 0.980 0.053 0.320 0.921 100 
4 0.942 0.971 0.991 0.239 0.764 0.998 100 
 
Minima, medians and maxima of Shapiro-Wilk test statistic W and associated p-values, 
testing for normality of residuals of top GLM model sets with ΔAIC<4 for two range change 
measures and four levels of recording effort. Results for models with all species (top half of 
table) and models with species excluding Conocephalus discolor and Metrioptera roeselii 
(bottom half). 
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S 3.4 Table. Moran’s I phylogenetic autocorrelation indices and associated p-values. 
 
   Moran’s I p-value 
 
range change 
measure 
recording 
effort level 
min median max min median max 
% of p-
values 
>= 0.05 
models 
with all 
species 
“uncorrected” 
1 0.084 0.112 0.132 0.040 0.066 0.132 96 
2 0.086 0.112 0.132 0.040 0.067 0.126 96 
3 0.084 0.102 0.174 0.008 0.086 0.131 98 
4 0.086 0.099 0.116 0.063 0.092 0.122 100 
“corrected” 
1 0.075 0.109 0.129 0.044 0.073 0.158 98 
2 0.073 0.110 0.129 0.041 0.071 0.164 95 
3 0.080 0.099 0.119 0.046 0.093 0.141 98 
4 0.081 0.097 0.112 0.054 0.098 0.138 100 
models 
with 
species 
excluding 
C. discolor 
and M. 
roeselii 
“uncorrected” 
1 0.087 0.126 0.194 0.010 0.055 0.131 56 
2 0.102 0.131 0.200 0.007 0.049 0.096 46 
3 0.101 0.129 0.201 0.007 0.054 0.096 58 
4 0.103 0.133 0.209 0.006 0.051 0.099 51 
“corrected” 
1 0.088 0.122 0.186 0.013 0.060 0.132 65 
2 0.105 0.129 0.193 0.009 0.053 0.090 58 
3 0.103 0.131 0.198 0.009 0.051 0.094 50 
4 0.109 0.128 0.206 0.007 0.058 0.090 65 
 
Minima, medians and maxima for top GLM model sets with ΔAIC<4 for two range change 
measures and four levels of recording effort. Results for models with all species (top half of 
table) and models with species excluding Conocephalus discolor and Metrioptera roeselii  
(bottom half). 
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S 3.5 Table. Impacts of species traits on distribution changes of British grasshoppers and 
crickets (all species) between the 1980s and 2000s, phylogenetic models. 
 
 
 
Summary of results for sets of top PGLS models with ΔAIC<4 (47 models for “uncorrected 
range change”, and 53 models for “corrected range change”). The importance of traits is 
indicated by the frequency with which they are included in the top model set (% included), 
and by their weighted mean coefficients, standard errors and significance levels. Significance 
levels: *= p<0.05, **=p<0.01. Results given are for minimum adequate recording effort, i.e. 
for “surveyed squares” with a minimum of 1 species recorded in both 1980-9 and 2000-9. 
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S 3.6 Table. Amount of overall variation explained by models. 
 
   “uncorrected range change” “corrected range change” 
  
 
level of recording effort 
(minimum number of species 
recorded in “surveyed squares”) 
level of recording effort 
(minimum number of species 
recorded in “surveyed 
squares”) 
   1 2 3 4 1 2 3 4 
all species 
minimum 0.033 0.033 0.038 0.032 0.029 0.031 0.033 0.030 
weighted 
mean 
0.543 0.515 0.495 0.506 0.558 0.530 0.519 0.525 
maximum 0.590 0.569 0.554 0.563 0.607 0.586 0.578 0.582 
species 
excluding 
C. discolor 
and M. 
roeselii 
minimum 0.000 0.002 0.004 0.000 0.000 0.001 0.007 0.032 
weighted 
mean 
0.118 0.126 0.131 0.129 0.116 0.130 0.137 0.167 
maximum 0.241 0.192 0.194 0.196 0.237 0.189 0.198 0.242 
 
Minima, weighted means and maxima of adjusted deviance (D2) for top sets of GLM models 
for two range change measures and four levels of recording effort. 
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S 3.7 Table. Impacts of species traits on distribution changes of British grasshoppers and 
crickets (excluding Conocephalus discolor and Metrioptera roeselii) between the 1980s and 
2000s, phylogenetic models. 
 
 
Summary of results for sets of top PGLS models with ΔAIC<4 (95 models for “uncorrected 
range change”, and 79 models for “corrected range change”). The importance of traits is 
indicated by the frequency with which they are included in the top model set (% included), 
and by their weighted mean coefficients, standard errors and significance levels. Results 
given are for minimum adequate recording effort, i.e. for “surveyed squares” with a 
minimum of 1 species recorded in both 1980-9 and 2000-9. 
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S 3.8 Table. Fitted range change values. 
 
all species species excluding C. discolor and M. roeselii 
 “uncorrected range change” “corrected range change” “uncorrected range change” “corrected range change” 
 recording effort level recording effort level recording effort level recording effort level 
Species 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
M. thalassinum 0.33±0.24 0.29±0.25 0.25±0.27 0.32±0.25 0.25±0.29 0.2±0.3 0.2±0.31 0.27±0.3 0.08±0.09 0.05±0.08 0.03±0.08 0.04±0.11 0.21±0.23 0.16±0.21 0.1±0.2 0.14±0.32 
T. viridissima -0.04±0.09 -0.04±0.09 -0.04±0.1 -0.05±0.08 -0.42±0.12 -0.42±0.12 -0.42±0.13 -0.42±0.1 -0.22±0.13 -0.26±0.13 -0.28±0.13 -0.31±0.13 -0.71±0.39 -0.82±0.35 -0.8±0.35 -0.93±0.35 
P. griseoaptera 0.48±0.15 0.54±0.16 0.53±0.17 0.66±0.16 0.49±0.2 0.57±0.21 0.61±0.21 0.74±0.19 0.07±0.07 0.06±0.07 0.03±0.08 0.13±0.12 0.1±0.18 0.06±0.17 0.07±0.2 0.3±0.31 
P. albopunctata 0.08±0.05 0.06±0.05 0.08±0.05 0.04±0.05 -0.34±0.09 -0.36±0.1 -0.38±0.09 -0.4±0.07 -0.08±0.06 -0.09±0.04 -0.1±0.04 -0.1±0.05 -0.22±0.17 -0.25±0.12 -0.26±0.1 -0.28±0.11 
M. brachyptera -0.03±0.13 -0.01±0.14 -0.03±0.15 0±0.15 -0.35±0.18 -0.34±0.2 -0.38±0.2 -0.36±0.18 -0.01±0.13 0.04±0.09 0.02±0.08 0.05±0.09 -0.03±0.31 0.1±0.22 0.06±0.22 0.14±0.23 
M. roeselii 1.11±0.14 1.11±0.15 1.08±0.16 1.1±0.16 1.26±0.2 1.22±0.2 1.17±0.2 1.16±0.19 - - - - - - - - 
C. discolor 1.93±0.08 1.96±0.09 1.99±0.11 2.01±0.1 2.26±0.12 2.25±0.17 2.22±0.17 2.23±0.16 - - - - - - - - 
C. dorsalis 1.16±0.1 1.15±0.12 1.14±0.12 1.14±0.12 1.28±0.14 1.22±0.16 1.17±0.15 1.16±0.15 0.16±0.11 0.11±0.08 0.07±0.08 0.09±0.09 0.38±0.31 0.26±0.24 0.19±0.22 0.26±0.27 
L. punctatissima 0.35±0.15 0.4±0.15 0.41±0.16 0.55±0.15 0.27±0.2 0.34±0.2 0.39±0.2   0.55±0.17 0.14±0.09 0.15±0.09 0.13±0.1 0.26±0.12 0.35±0.25 0.38±0.24 0.36±0.26 0.71±0.32 
N. sylvestris -0.41±0.15 -0.35±0.16 -0.31±0.19 -0.29±0.17 -0.91±0.2 -0.81±0.21 -0.76±0.22 -0.7±0.2 0.14±0.13 0.23±0.1 0.26±0.09 0.29±0.1 0.52±0.33 0.73±0.28 0.77±0.25 0.88±0.23 
T. ceperoi 0.57±0.09 0.57±0.09 0.61±0.13 0.56±0.08 0.36±0.12 0.35±0.13 0.35±0.16 0.32±0.12 0.17±0.1 0.17±0.11 0.2±0.1 0.15±0.11 0.53±0.25 0.55±0.24 0.59±0.23 0.47±0.28 
T. subulata 0.3±0.08 0.29±0.08 0.32±0.11 0.24±0.08 0.15±0.1 0.12±0.11 0.16±0.12 0.05±0.11 0.15±0.06 0.16±0.06 0.17±0.06 0.12±0.06 0.37±0.18 0.4±0.17 0.47±0.15 0.29±0.16 
T. undulata 0.31±0.08 0.29±0.09 0.3±0.11 0.22±0.1 0.2±0.11 0.18±0.13 0.21±0.14 0.09±0.13 0.18±0.07 0.19±0.07 0.2±0.06 0.14±0.07 0.43±0.2 0.48±0.2 0.56±0.16 0.36±0.19 
S. grossum -0.18±0.06 -0.22±0.08 -0.19±0.08 -0.22±0.09 -0.66±0.09 -0.72±0.13 -0.7±0.12 -0.72±0.12 -0.15±0.1 -0.19±0.09 -0.19±0.09 -0.19±0.08 -0.45±0.27 -0.57±0.25 -0.55±0.24 -0.56±0.21 
S. lineatus -0.12±0.1 -0.13±0.11 -0.12±0.11 -0.13±0.11 -0.46±0.14 -0.44±0.17 -0.42±0.15 -0.44±0.14 -0.09±0.07 -0.11±0.05 -0.12±0.05 -0.12±0.05 -0.33±0.21 -0.36±0.17 -0.34±0.14 -0.4±0.15 
O. rufipes -0.61±0.13 -0.53±0.16 -0.53±0.16 -0.46±0.17 -1.24±0.2 -1.1±0.23 -1.12±0.22 -1.01±0.23 -0.19±0.15 -0.09±0.09 -0.08±0.07 -0.07±0.06 -0.48±0.42 -0.21±0.21 -0.22±0.2 -0.2±0.17 
O. viridulus -0.25±0.09 -0.32±0.08 -0.39±0.08 -0.42±0.08 -0.49±0.14 -0.56±0.14 -0.57±0.13 -0.67±0.12 -0.03±0.07 -0.06±0.05 -0.09±0.05 -0.1±0.05 -0.21±0.2 -0.27±0.16 -0.26±0.15 -0.35±0.17 
C. brunneus -0.28±0.07 -0.26±0.07 -0.3±0.06 -0.28±0.07 -0.56±0.09 -0.51±0.1 -0.51±0.1 -0.49±0.1 -0.09±0.08 -0.09±0.06 -0.12±0.06 -0.13±0.06 -0.36±0.22 -0.34±0.17 -0.34±0.16 -0.43±0.16 
C. vagans 0.14±0.05 0.17±0.06 0.19±0.06 0.21±0.06 -0.25±0.08 -0.21±0.09 -0.22±0.09 -0.16±0.08 -0.05±0.06 -0.04±0.05 -0.04±0.05 -0.03±0.06 -0.1±0.18 -0.07±0.13 -0.11±0.13 -0.04±0.17 
C. parallelus 0.42±0.08 0.42±0.09 0.4±0.15 0.37±0.08 0.37±0.12 0.37±0.12 0.36±0.17 0.3±0.11 0.03±0.11 -0.01±0.1 -0.05±0.09 -0.05±0.09 -0.09±0.27 -0.17±0.2 -0.17±0.2 -0.23±0.22 
C. albomarginatus -0.07±0.07 -0.15±0.08 -0.17±0.08 -0.23±0.09 -0.36±0.1 -0.46±0.13 -0.47±0.13 -0.56±0.14 0.02±0.06 -0.03±0.04 -0.05±0.04 -0.05±0.04 -0.01±0.18 -0.12±0.1 -0.14±0.1 -0.13±0.11 
G. rufus 0.04±0.08 0.02±0.1 0.02±0.11 0.01±0.12 -0.3±0.13 -0.34±0.18 -0.34±0.17 -0.33±0.18 -0.02±0.09 -0.05±0.06 -0.06±0.05 -0.05±0.07 -0.06±0.26 -0.14±0.16 -0.18±0.15 -0.12±0.19 
M. maculatus -0.44±0.06 -0.44±0.06 -0.5±0.06 -0.49±0.06 -0.76±0.09 -0.74±0.1 -0.74±0.1 -0.75±0.1 -0.01±0.08 0.01±0.07 -0.01±0.07 -0.01±0.07 -0.07±0.22 0.02±0.17 -0.01±0.19 -0.05±0.18 
 
Weighted means ± weighted standard deviations across sets of top GLM models with ΔAIC<4 (weightings by Akaike weights). Results for four levels of recording effort, 
“uncorrected” and “corrected range change”, and for models with all species and models excluding C. discolor and M. roeselii
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S 4.1 Table.  Data for analysis of weather effects on annual colonisation rate 
 Conocephalus discolor Metrioptera roeselii warmth (GDD10) rainfall (mm) 
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April-July 
August-
October 
April-July 
August-
October 
same 
year 
prev. 
year 
same 
year 
prev. 
year 
same 
year 
prev. 
year 
same 
year 
prev. 
year 
1977 22 96 25 2 2 0.080 58 217 42 3 3 0.071 371 638 358 408 161 92 157 255 
1978 24 97 16 1 1 0.063 61 225 39 0 0 0.000 368 371 376 358 227 161 89 157 
1979 25 96 19 1 1 0.053 61 225 30 3 2 0.067 425 368 370 376 217 227 144 89 
1980 26 95 11 0 0 0.000 64 237 32 0 0 0.000 406 425 386 370 208 217 209 144 
1981 26 95 13 1 1 0.077 64 237 30 0 0 0.000 398 406 376 386 218 208 225 209 
1982 27 94 30 3 3 0.100 64 237 55 6 6 0.109 532 398 388 376 195 218 232 225 
1983 30 96 35 6 6 0.171 70 242 64 0 0 0.000 503 532 414 388 258 195 135 232 
1984 36 93 28 6 6 0.214 70 242 77 18 18 0.234 450 503 426 414 144 258 199 135 
1985 42 107 39 4 4 0.103 88 241 82 3 3 0.037 420 450 370 426 258 144 119 199 
1986 46 103 20 1 1 0.050 91 238 64 0 0 0.000 429 420 305 370 205 258 191 119 
1987 47 102 26 1 1 0.038 91 238 55 0 0 0.000 435 429 365 305 261 205 254 191 
1988 48 104 33 1 1 0.030 91 238 56 1 1 0.018 409 435 355 365 216 261 152 254 
1989 49 103 27 6 6 0.222 92 238 82 5 5 0.061 552 409 466 355 184 216 128 152 
1990 55 118 61 17 10 0.164 97 236 91 11 10 0.110 521 552 480 466 120 184 138 128 
1991 72 219 91 24 23 0.253 108 258 100 15 13 0.130 429 521 443 480 216 120 112 138 
1992 96 223 84 12 11 0.131 123 279 78 6 6 0.077 562 429 320 443 228 216 252 112 
1993 108 273 105 4 3 0.029 129 277 81 6 6 0.074 467 562 276 320 256 228 242 252 
1994 112 288 125 25 23 0.184 135 273 79 14 14 0.177 513 467 360 276 180 256 225 242 
1995 137 365 150 28 28 0.187 149 271 80 6 6 0.075 567 513 508 360 96 180 140 225 
1996 165 386 179 25 25 0.140 155 273 101 25 20 0.198 453 567 399 508 113 96 140 140 
1997 190 384 180 38 36 0.200 180 332 129 20 17 0.132 484 453 486 399 230 113 150 140 
1998 228 386 154 14 14 0.091 200 371 116 24 23 0.198 438 484 386 486 267 230 235 150 
1999 242 378 181 30 30 0.166 224 361 132 30 27 0.205 525 438 434 386 194 267 255 235 
2000 272 406 159 16 15 0.094 254 410 123 20 17 0.138 424 525 415 434 289 194 287 255 
2001 288 417 125 22 21 0.168 274 420 101 9 9 0.089 491 424 428 415 226 289 252 287 
2002 310 460 120 14 14 0.117 283 419 81 3 3 0.037 468 491 402 428 234 226 182 252 
2003 324 446 163 38 38 0.233 286 416 121 17 17 0.140 581 468 452 402 199 234 77 182 
2004 362 464 136 25 24 0.176 303 425 117 15 15 0.128 499 581 432 452 225 199 269 77 
2005 387 468 97 11 11 0.113 318 426 95 16 16 0.168 503 499 450 432 182 225 191 269 
2006 398 470 154 44 43 0.279 334 431 125 38 37 0.296 611 503 489 450 186 182 240 191 
2007 442 478 134 56 54 0.403 372 439 121 55 54 0.446 504 611 372 489 345 186 125 240 
2008 498 478 91 16 16 0.176 427 426 80 14 14 0.175 485 504 356 372 238 345 216 125 
2009 514 482 86 27 26 0.302 441 418 72 19 18 0.250 512 485 426 356 212 238 116 216 
2010 541 498 126 17 17 0.135 460 428 119 22 22 0.185 550 512 354 426 114 212 229 116 
2011 558 499 114 9 8 0.070 482 420 94 13 12 0.128 520 550 431 354 148 114 127 229 
2012 567 512 57 14 14 0.246 495 425 54 18 18 0.333 390 520 366 431 403 148 208 127 
For definitions of parameters see Methods. The proportions of surveyed hectads in the typical maximum dispersal distance that were colonised (grey shading) were used as measure of annual colonisation rate (response variable). 
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S 4.2 Table.  Field observations of incidence of long-wingedness (macroptery) for Conocephalus discolor, and associated site, field visit, population and seasonal 
weather parameters 
(table continued on next page) 
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warmth (GDD10) rainfall (mm) 
April-July August-October April-July August-October 
same 
year 
prev. 
year 
same 
year 
prev. 
year 
same 
year 
prev. 
year 
same 
year 
prev. 
year 
Alby Hill TG1833 22/09/08 266 15:00 18:00 0.80 13.27 9 0 0.050 238 2 481 479 381 392 186 389 270 171 
Alby Hill TG1833 10/09/09 253 12:15 15:15 0.57 13.14 33 1 0.189 238 3 498 481 460 381 210 186 91 270 
Alby Hill TG1833 04/09/10 247 10:00 12:30 0.38 13.58 29 2 0.207 238 4 552 498 382 460 148 210 256 91 
Alby Hill TG1833 22/09/11 265 09:45 11:35 0.33 13.14 34 0 0.309 238 5 521 552 470 382 142 148 136 256 
Alby Hill TG1833 09/09/12 253 10:30 12:50 0.41 19.20 31 0 0.221 238 6 397 521 392 470 299 142 181 136 
Bovey Heath SX8276 27/08/08 240 14:30 18:30 0.74 16.40 10 5 0.063 103 11 498 516 372 417 445 380 324 161 
Bovey Heath SX8276 01/09/09 244 13:40 17:00 0.66 14.96 12 5 0.085 103 12 500 498 427 372 324 445 200 324 
Bovey Heath SX8276 12/09/10 255 12:45 16:00 0.59 14.26 17 4 0.108 103 13 529 500 392 427 186 324 288 200 
Bovey Heath SX8276 29/09/11 272 10:30 13:05 0.39 18.33 28 2 0.194 103 14 515 529 445 392 140 186 225 288 
Bovey Tracey SX8178 01/09/09 244 18:00 19:30 0.91 14.83 21 1 0.244 104 12 490 487 417 363 326 454 211 350 
Bovey Tracey SX8178 12/09/10 255 16:15 17:45 0.80 14.15 35 0 0.389 104 13 518 490 383 417 195 326 302 211 
Bovey Tracey SX8178 29/09/11 272 13:50 15:10 0.62 18.22 46 0 0.575 104 14 505 518 436 383 151 195 231 302 
Broadwell SP4666 18/09/08 262 15:00 17:10 0.75 12.53 17 3 0.308 150 2 512 519 364 387 233 380 248 104 
Broadwell SP4666 19/08/09 231 18:00 21:00 0.94 19.77 3 1 0.044 150 3 539 512 422 364 226 233 108 248 
Broadwell SP4666 22/09/10 265 11:00 14:30 0.48 15.62 18 2 0.190 150 4 583 539 367 422 114 226 208 108 
Broadwell SP4666 28/09/11 271 10:40 16:30 0.56 18.10 15 0 0.086 150 5 545 583 450 367 118 114 101 208 
Broadwell SP4666 06/09/12 250 12:20 16:50 0.61 13.76 11 0 0.081 150 6 421 545 368 450 408 118 183 101 
Dawlish Warren SX9879 27/08/08 240 09:45 12:30 0.35 16.59 18 0 0.109 87 11 517 537 383 428 374 269 238 134 
Dawlish Warren SX9879 01/09/09 244 10:00 12:00 0.34 15.17 22 1 0.192 87 12 519 517 440 383 283 374 154 238 
Dawlish Warren SX9879 12/09/10 255 09:00 11:15 0.26 14.37 30 1 0.230 87 13 552 519 404 440 124 283 210 154 
Dawlish Warren SX9879 30/09/11 273 09:00 10:40 0.22 18.53 19 0 0.190 87 14 534 552 459 404 110 124 179 210 
Dawlish Warren SX9879 19/10/12 293 09:25 10:50 0.23 10.72 1 0 0.012 87 15 429 534 401 459 442 110 339 179 
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site field visit population seasonal weather 
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warmth (GDD10) rainfall (mm) 
April-July August-October April-July August-October 
same 
year 
prev. 
year 
same 
year 
prev. 
year 
same 
year 
prev. 
year 
same 
year 
prev. 
year 
Drakelow SK2220 27/09/08 271 13:00 17:30 0.70 11.68 35 2 0.137 212 2 498 506 361 385 193 358 240 94 
Drakelow SK2220 20/09/09 263 15:30 17:30 0.79 13.53 32 0 0.267 212 3 528 498 412 361 310 193 107 240 
Drakelow SK2220 02/09/10 245 14:25 16:45 0.68 14.72 34 1 0.250 212 4 569 528 361 412 115 310 221 107 
Drakelow SK2220 26/09/11 269 10:45 13:00 0.41 14.89 17 0 0.126 212 5 530 569 435 361 137 115 105 221 
Drakelow SK2220 07/09/12 251 16:40 18:05 0.83 16.76 16 0 0.188 212 6 408 530 357 435 389 137 184 105 
Earlham TG1910 21/09/08 265 11:00 16:00 0.56 13.13 13 7 0.067 209 0 507 506 392 406 197 371 226 184 
Earlham TG1910 09/09/09 252 12:30 16:30 0.63 14.97 30 12 0.175 209 1 525 507 477 392 204 197 78 226 
Earlham TG1910 04/09/10 247 14:40 17:15 0.73 13.96 23 2 0.161 209 2 576 525 396 477 122 204 259 78 
Earlham TG1910 22/09/11 265 14:20 16:30 0.72 13.58 22 0 0.169 209 3 544 576 491 396 136 122 132 259 
Earlham TG1910 09/09/12 253 15:40 17:30 0.78 19.41 58 0 0.527 209 4 418 544 408 491 371 136 187 132 
Little Wittenham SU5692 18/08/09 230 16:00 18:00 0.77 16.86 30 0 0.250 80 14 543 524 428 365 190 280 114 192 
Little Wittenham SU5692 01/09/10 244 13:40 14:40 0.58 14.03 2 0 0.033 80 15 589 543 376 428 91 190 200 114 
Otmoor SP5612 08/09/08 252 11:00 16:30 0.55 14.26 19 2 0.127 108 10 532 541 374 397 269 315 186 127 
Otmoor SP5612 16/08/09 228 14:30 17:30 0.70 17.41 26 2 0.156 108 11 553 532 436 374 222 269 107 186 
Otmoor SP5612 31/08/10 243 16:40 18:40 0.84 12.94 20 0 0.333 108 12 601 553 383 436 108 222 205 107 
Otmoor SP5612 02/09/11 245 16:00 18:00 0.79 17.12 41 0 0.342 108 13 561 601 466 383 141 108 110 205 
Otmoor SP5612 05/09/12 249 16:15 19:15 0.85 13.73 19 0 0.211 108 14 439 561 383 466 406 141 234 110 
St Ives TL3270 11/08/08 224 12:30 16:30 0.60 16.61 13 2 0.125 163 9 556 562 400 420 177 260 162 140 
St Ives TL3270 08/09/09 251 14:00 16:00 0.66 20.61 14 1 0.250 163 10 584 556 475 400 166 177 109 162 
St Ives TL3270 03/09/10 246 15:10 18:50 0.80 14.45 21 1 0.200 163 11 638 584 404 475 103 166 231 109 
St Ives TL3270 23/09/11 266 09:55 16:00 0.51 13.42 18 2 0.110 163 12 595 638 503 404 110 103 100 231 
St Ives TL3270 08/09/12 252 11:05 14:40 0.50 17.41 25 0 0.233 163 13 464 595 411 503 343 110 159 100 
Swaffham Prior TL5466 10/08/08 223 17:00 20:40 0.88 17.95 3 1 0.036 158 9 562 566 406 426 205 260 173 132 
Swaffham Prior TL5466 06/09/09 249 13:30 17:30 0.69 15.32 29 1 0.250 158 10 587 562 486 406 156 205 100 173 
 
Table continued from previous page. For definitions of parameters see section 4.3. A matrix of the numbers of short-winged (brachypterous) and long-winged 
(macropterous) individuals (grey shading) was used as response variable in the analysis of weather effects on incidence of long-wingedness.  
 210 
S 4.3 Table.  Field observations of incidence of long-wingedness (macroptery) for Metrioptera roeselii, and associated site, field visit, population and seasonal 
weather parameters 
site field visit population seasonal weather 
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warmth (GDD10) rainfall (mm) 
April-July August-October April-July August-October 
same 
year 
prev. 
year 
same 
year 
prev. 
year 
same 
year 
prev. 
year 
same 
year 
prev. 
year 
Alby Hill TG1833 22/09/11 265 11:45 12:15 0.44 13.14 7 1 0.267 100 3 521 552 470 382 142 148 136 256 
Broadwell SP4666 18/09/08 262 15:00 17:10 0.75 12.53 1 0 0.015 122 2 512 519 364 387 233 380 248 104 
Broadwell SP4666 19/08/09 231 18:00 21:00 0.94 19.77 12 2 0.156 122 3 539 512 422 364 226 233 108 248 
Broadwell SP4666 22/09/10 265 11:00 14:30 0.48 15.62 23 1 0.229 122 4 583 539 367 422 114 226 208 108 
Broadwell SP4666 28/09/11 271 10:40 16:30 0.56 18.10 24 5 0.166 122 5 545 583 450 367 118 114 101 208 
Broadwell SP4666 06/09/12 250 12:20 16:50 0.61 13.76 30 0 0.222 122 6 421 545 368 450 408 118 183 101 
Little Wittenham SU5692 10/09/08 254 10:00 11:30 0.33 15.69 50 0 0.556 68 18 524 532 365 388 280 342 192 108 
Little Wittenham SU5692 18/08/09 230 13:00 14:30 0.54 16.86 55 4 0.656 68 19 543 524 428 365 190 280 114 192 
Little Wittenham SU5692 01/09/10 244 12:00 13:30 0.48 14.03 23 2 0.278 68 20 589 543 376 428 91 190 200 114 
Little Wittenham SU5692 02/08/11 214 10:50 12:50 0.41 20.11 28 6 0.283 68 21 550 589 456 376 126 91 119 200 
Little Wittenham SU5692 05/09/12 249 12:35 14:15 0.53 13.74 49 1 0.500 68 22 430 550 377 456 362 126 199 119 
Otmoor SP5612 08/09/08 252 11:00 16:30 0.55 14.26 19 1 0.121 70 10 532 541 374 397 269 315 186 127 
Otmoor SP5612 24/07/09 205 14:00 16:30 0.63 15.15 20 0 0.133 70 11 553 532 436 374 222 269 107 186 
Otmoor SP5612 31/08/10 243 16:40 18:40 0.84 12.94 18 2 0.333 70 12 601 553 383 436 108 222 205 107 
Otmoor SP5612 31/07/11 212 14:00 15:45 0.61 17.91 18 4 0.419 70 13 561 601 466 383 141 108 110 205 
Otmoor SP5612 08/08/12 221 16:25 18:25 0.78 17.49 24 0 0.400 70 14 439 561 383 466 406 141 234 110 
St Ives TL3270 11/08/08 224 12:30 16:30 0.60 16.61 24 0 0.200 75 10 556 562 400 420 177 260 162 140 
St Ives TL3270 08/09/09 251 14:00 16:00 0.66 20.61 46 3 0.817 75 11 584 556 475 400 166 177 109 162 
St Ives TL3270 03/09/10 246 15:10 18:50 0.80 14.45 20 1 0.191 75 12 638 584 404 475 103 166 231 109 
St Ives TL3270 23/09/11 266 09:55 16:00 0.51 13.42 43 0 0.236 75 13 595 638 503 404 110 103 100 231 
St Ives TL3270 08/09/12 252 11:05 14:40 0.50 17.41 50 1 0.474 75 14 464 595 411 503 343 110 159 100 
Swaffham Prior TL5466 10/08/08 223 17:00 20:40 0.88 17.95 4 0 0.036 51 12 562 566 406 426 205 260 173 132 
Swaffham Prior TL5466 06/09/09 249 13:30 17:30 0.69 15.32 11 0 0.092 51 13 587 562 486 406 156 205 100 173 
For definitions of parameters see section 4.3. A matrix of the numbers of short-winged (brachypterous) and long-winged (macropterous) individuals (grey shading) 
was used as response variable in the analysis of weather effects on incidence of long-wingedness. 
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S 4.4a Table.  Modelled correlations between predictive variables in the analysis of weather effects on incidence of long-wingedness for Conocephalus discolor 
Means and standard errors of correlations between fixed effects estimated in the set of 52 top GLMM models with ΔAIC < 4 for Conocephalus discolor. Numbers in 
brackets indicate the number of top models in which the respective combination of variables occurred. Mean correlation values of >= 0.70 or <=-0.70 are shaded 
grey. Combinations of variables which did not occur in top models are marked by a hyphen. 
 warmth (GDD10) rainfall (mm) 
day of year time of day 
mean 
temperature 
population 
density 
distance 
from core 
 April-July August-October April-July August-October 
 previous year same year previous year same year 
same year, 
squared 
previous year same year previous year 
warmth 
(GDD10) 
April-July 
same year 
-0.18 +-0.04 
(n=23) 
0.00 +-0.05 
(n=15) 
-0.21 +-0.23 
(n=3) 
0.58 +-0.03 
(n=8) 
- 
0.18 +-0.02 
(n=33) 
-0.15 +-0.04 
(n=14) 
0.19 +-0.03 
(n=7) 
0.53 +-0.20 
(n=2) 
-0.07 +-0.02 
(n=3) 
0.03 +-0.03 
(n=2) 
-0.15 +-0.02 
(n=35) 
0.19 +-0.06 
(n=6) 
previous 
year 
 
-0.13 +-0.01 
(n=17) 
0.02 +-0.02 
(n=4) 
-0.02 +-0.05 
(n=6) 
- 
0.44 +-0.01 
(n=29) 
-0.10 +-0.02 
(n=10) 
0.16 +-0.02 
(n=10) 
-0.08 +-0.06 
(n=3) 
0.12 +-0.01 
(n=3) 
0.08 +-0.02 
(n=3) 
0.18 +-0.01 
(n=31) 
0.19 +-0.06 
(n=3) 
August-
October 
same year   
0.50 +-0.15 
(n=3) 
0.02 +-0.03 
(n=3) 
- 
0.46 +-0.03 
(n=31) 
0.73 +-0.06 
(n=4) 
-0.68 +-0.04 
(n=21) 
0.11 +-0.07 
(n=3) 
-0.18 +-0.04 
(n=4) 
-0.14 +-0.07 
(n=3) 
-0.15 +-0.02 
(n=31) 
0.04 +-0.08 
(n=5) 
previous 
year 
   - - 
0.38 +-0.11 
(n=5) 
-0.84 +-0.00 
(n=1) 
0.32 +-0.01 
(n=2) 
- - - 
-0.11 +-0.06 
(n=5) 
- 
rainfall 
(mm) 
April-July 
same year     - 
-0.18 +-0.03 
(n=9) 
0.19 +-0.05 
(n=2) 
-0.02 +-0.04 
(n=2) 
- - - 
0.09 +-0.02 
(n=10) 
0.30 +-0.00 
(n=1) 
same year, 
squared 
     - - - - - - - - 
previous 
year 
      
-0.38 +-0.04 
(n=17) 
-0.42 +-0.03 
(n=24) 
0.16 +-0.03 
(n=4) 
-0.29 +-0.03 
(n=5) 
0.14 +-0.07 
(n=4) 
0.19 +-0.02 
(n=50) 
0.26 +-0.04 
(n=8) 
August-
October 
same year        
0.47 +-0.13 
(n=6) 
-0.29 +-0.00 
(n=1) 
0.07 +-0.00 
(n=1) 
0.29 +-0.00 
(n=1) 
0.01 +-0.03 
(n=17) 
-0.11 +-0.00 
(n=2) 
previous 
year 
        
-0.12 +-0.00 
(n=2) 
0.24 +-0.01 
(n=3) 
0.01 +-0.01 
(n=2) 
0.10 +-0.02 
(n=24) 
0.15 +-0.08 
(n=3) 
day of year            - - 
-0.09 +-0.04 
(n=4) 
- 
time of day             - 
-0.10 +-0.02 
(n=5) 
- 
mean temperature              
0.04 +-0.02 
(n=4) 
- 
population density               
0.13 +-0.03 
(n=8) 
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S 4.4b Table.  Modelled correlations between predictive variables in the analysis of weather effects on incidence of long-wingedness for Metrioptera roeselii 
Means and standard errors of correlations between fixed effects estimated in the set of 148 top GLMM models with ΔAIC < 4 for Metrioptera roeselii. Numbers in 
brackets indicate the number of top models in which the respective combination of variables occurred. Mean correlation values of >= 0.70 or <=-0.70 are shaded 
grey. The strong correlation between April-July rainfall and its square is to be expected. 
 warmth (GDD10) rainfall (mm) 
day of year time of day 
mean 
temperature 
population 
density 
distance 
from core 
 April-July August-October April-July August-October 
 previous year same year previous year same year 
same year, 
squared 
previous year same year previous year 
warmth 
(GDD10) 
April-July 
same year 
-0.07 +-0.06 
(n=21) 
-0.09 +-0.05 
(n=18) 
-0.41 +-0.03 
(n=13) 
0.73 +-0.03 
(n=106) 
0.17 +-0.05 
(n=21) 
-0.51 +-0.03 
(n=20) 
-0.24 +-0.05 
(n=14) 
0.47 +-0.03 
(n=11) 
0.14 +-0.03 
(n=28) 
-0.61 +-0.01 
(n=86) 
0.03 +-0.02 
(n=73) 
-0.52 +-0.02 
(n=27) 
0.55 +-0.02 
(n=13) 
previous 
year 
 -0.21 +-0.04 
(n=12) 
-0.21 +-0.06 
(n=8) 
0.10 +-0.03 
(n=46) 
0.01 +-0.03 
(n=24) 
0.69 +-0.03 
(n=34) 
0.02 +-0.11 
(n=4) 
0.12 +-0.11 
(n=4) 
0.06 +-0.03 
(n=6) 
0.16 +-0.02 
(n=17) 
-0.03 +-0.06 
(n=17) 
0.17 +-0.05 
(n=4) 
0.29 +-0.04 
(n=3) 
August-
October 
same year   
0.07 +-0.13 
(n=8) 
-0.32 +-0.07 
(n=44) 
0.68 +-0.04 
(n=26) 
0.70 +-0.03 
(n=32) 
0.66 +-0.04 
(n=6) 
-0.64 +-0.08 
(n=9) 
-0.15 +-0.15 
(n=3) 
0.01 +-0.04 
(n=18) 
-0.37 +-0.07 
(n=15) 
-0.58 +-0.05 
(n=12) 
0.16 +-0.04 
(n=2) 
previous 
year 
   -0.14 +-0.08 
(n=26) 
-0.41 +-0.07 
(n=9) 
-0.04 +-0.07 
(n=13) 
-0.69 +-0.02 
(n=3) 
0.70 +-0.00 
(n=1) 
-0.23 +-0.05 
(n=4) 
0.05 +-0.05 
(n=15) 
0.42 +-0.05 
(n=10) 
0.03 +-0.17 
(n=5) 
0.13 +-0.00 
(n=1) 
rainfall 
(mm) 
April-July 
same year     
-0.97 +-0.00 
(n=52) 
-0.48 +-0.05 
(n=62) 
0.02 +-0.09 
(n=21) 
0.06 +-0.10 
(n=21) 
0.23 +-0.03 
(n=31) 
-0.51 +-0.02 
(n=93) 
-0.08 +-0.02 
(n=79) 
-0.46 +-0.05 
(n=37) 
0.43 +-0.06 
(n=15) 
same year, 
squared 
     0.67 +-0.03 
(n=38) 
-0.44 +-0.08 
(n=8) 
0.39 +-0.09 
(n=6) 
-0.33 +-0.05 
(n=6) 
0.07 +-0.02 
(n=19) 
0.38 +-0.06 
(n=12) 
0.01 +-0.09 
(n=10) 
0.04 +-0.07 
(n=3) 
previous 
year 
      -0.21 +-0.08 
(n=8) 
-0.08 +-0.14 
(n=10) 
-0.11 +-0.06 
(n=6) 
-0.04 +-0.05 
(n=18) 
0.32 +-0.04 
(n=15) 
-0.44 +-0.07 
(n=13) 
0.14 +-0.14 
(n=3) 
August-
October 
same year        
0.82 +-0.00 
(n=1) 
-0.03 +-0.09 
(n=3) 
0.06 +-0.04 
(n=14) 
0.56 +-0.03 
(n=12) 
0.10 +-0.22 
(n=3) 
0.11 +-0.00 
(n=1) 
previous 
year 
        0.11 +-0.04 
(n=2) 
-0.25 +-0.06 
(n=11) 
-0.25 +-0.06 
(n=12) 
0.44 +-0.17 
(n=6) 
-0.09 +-0.00 
(n=1) 
day of year            
-0.12 +-0.02 
(n=26) 
0.34 +-0.02 
(n=12) 
-0.01 +-0.03 
(n=11) 
-0.72 +-0.02 
(n=2) 
time of day             
0.00 +-0.01 
(n=60) 
0.36 +-0.01 
(n=27) 
-0.52 +-0.01 
(n=12) 
mean temperature              
-0.29 +-0.03 
(n=13) 
-0.09 +-0.04 
(n=12) 
population density               
0.28 +-0.08 
(n=2) 
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S 4.5 Table.  Comparison of colonisation metrics for different definitions of colonisation – 
with and without extinction. 
  Conocephalus discolor Metrioptera roeselii 
  
without 
extinction 
with 
extinction 
without 
extinction 
with 
extinction 
Annual number of squares 
recorded as previously occupied 
min 22 22 58 58 
max 567 501 495 468 
median 124.5 113.5 142 124 
Annual number of squares gone 
extinct 
min - 0 - 0 
max - 18 - 11 
median - 3 - 2 
total 1977-2012 - 155 - 95 
Annual number of surveyed 
squares colonised 
min 0 0 0 0 
max 54 58 54 57 
median 12.5 14 11 13.5 
 total 1977-2012 537 614 432 500 
Annual proportion of surveyed 
squares colonised 
min 0.00 0.00 0.00 0.00 
max 0.40 0.39 0.45 0.45 
mean ± SD 0.15 ± 0.09 0.15 ± 0.09 0.12 ± 0.10 0.14 ± 0.11 
Maximum typical dispersal distance in km 
(95th percentile of dispersal distances) 
 31.6 31.6 28.8 28.3 
 
Metrics of the annual numbers of 10x10km squares (hectads) recorded as occupied, gone 
extinct and colonised by C. discolor and M. roeselii in Britain between 1977 and 2012, and 
derived maximum typical dispersal distances. Results for two definitions of colonisation are 
compared: “without extinction” means that only the first record for each square was 
considered a colonisation and the square was assumed to remain occupied in all subsequent 
years. “With extinction” means that the focal species was assumed to go extinct in squares 
where it was not recorded in 4 years of visits, and any subsequent records were regarded as 
renewed colonisations. 
 
 
S 4.6 Table.  Ratios of residual deviance to degrees of freedom for sets of top models 
 
Analysis of weather effects on 
colonisation rate (GLMs) 
Analysis of weather effects on 
incidence of long-wingedness 
(GLMMs) 
 
Conocephalus 
discolor 
Metrioptera 
roeselii 
Conocephalus 
discolor 
Metrioptera 
roeselii 
min 1.84 3.75 2.78 2.91 
max 1.99 4.19 2.89 3.28 
mean 1.94 3.94 2.85 3.17 
Minima, maxima and means of ratios of residual deviance to degrees of freedom for sets of 
top models with ΔAIC < 4.  
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S 4.7 Table.  Effects of weather on annual colonisation rate of Conocephalus discolor and 
Metrioptera roeselii, assuming a reduced “maximum typical dispersal distance” 
  Conocephalus discolor Metrioptera roeselii 
 
 
% 
included 
weighted 
mean 
coefficient 
weighted 
mean 
standard 
error sig 
% 
included 
weighted 
mean 
coefficient 
weighted 
mean 
standard 
error sig 
(Intercept)   100 -2.3676 6.0789  100 -78.2895 16.9080  
year   37 0.0038 0.0089  100 0.0402 0.0088 *** 
warmth 
(GDD10) 
April-
July 
same year 100 -0.0025 0.0025  100 -0.0064 0.0030 * 
previous year 43 -0.0014 0.0014  39 -0.0009 0.0016  
August-
October 
same year 100 0.0053 0.0014 *** 94 0.0039 0.0015 * 
previous year 40 -0.0013 0.0014  56 0.0019 0.0015  
rainfall 
(mm) 
April-
July 
same year 100 -0.0160 0.0058 ** 100 -0.0294 0.0065 *** 
same year, 
squared 
100 -2.31E-05 1.48E-05  100 -1.29E-05 1.59E-05  
previous year 37 0.0016 0.0012  44 0.0011 0.0014  
August-
October 
same year 57 -0.0016 0.0010 . 89 0.0029 0.0012 * 
previous year 80 -0.0021 0.0010 * 39 -0.0012 0.0011  
interaction of warmth and rainfall 
(April-July, same year) 
0 - -  0 - -  
interaction of warmth and rainfall 
squared (April-July, same year) 
100 1.46E-07 4.51E-08 ** 100 1.75E-07 4.93E-08 *** 
 
Summary of results for GLMs with ΔAIC < 4 (a set of 35 top models for C. discolor and 18 for 
M. roeselii). The importance of variables as predictors of colonisation rate is indicated by the 
proportion of top models in which they are included (% included), and by their coefficients 
and standard errors (weighted means across top models) and associated significance levels 
(sig: . = p<0.1, *=p<0.05, **=p<0.01, ***=p<0.001). Results are for the time period 1977 to 
2012. Colonisations up to the 90th percentile of dispersal distances were considered 
(“maximum typical dispersal distance” of 23.5 km for C. discolor and 21.4 km for M. roeselii). 
Note that interacting terms have to be interpreted together (cf. Fig 4.4). 
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S 4.8 Table.  Effects of weather on annual colonisation rates of Conocephalus discolor and 
Metrioptera roeselii, study period shortened to 1988-2012 
  Conocephalus discolor Metrioptera roeselii 
 
 
% 
included 
weighted 
mean 
coefficient 
weighted 
mean 
standard 
error sig 
% 
included 
weighted 
mean 
coefficient 
weighted 
mean 
standard 
error sig 
(Intercept)   100 -6.7292 10.9054  100 -80.1283 20.0460  
year   42 0.0088 0.0105  100 0.0393 0.0102 *** 
warmth 
(GDD10) 
April-
July 
same year 100 -0.0017 0.0026  100 -0.0009 0.0028  
previous year 45 -0.0017 0.0015  23 0.0000 0.0017  
August-
October 
same year 100 0.0053 0.0014 *** 38 0.0017 0.0015  
previous year 42 -0.0011 0.0013  69 0.0027 0.0014 . 
rainfall 
(mm) 
April-
July 
same year 100 -0.0149 0.0059 * 100 -0.0134 0.0061 * 
same year, 
squared 
100 -2.23E-05 1.43E-05  100 -4.37E-06 1.51E-05  
previous year 48 0.0019 0.0013  27 -0.0006 0.0013  
August-
October 
same year 45 -0.0016 0.0010  35 0.0011 0.0012  
previous year 94 -0.0023 0.0010 * 27 -0.0001 0.0011  
interaction of warmth and rainfall 
(April-July, same year) 
0 - -  0 - -  
interaction of warmth and rainfall 
squared (April-July, same year) 
100 1.42E-07 4.51E-08 ** 92 9.27E-08 4.25E-08 * 
 
Summary of results for GLMs with ΔAIC < 4 (a set of 31 top models for C. discolor and 26 for 
M. roeselii). The importance of variables as predictors of colonisation rate is indicated by the 
proportion of top models in which they are included (% included), and by their coefficients 
and standard errors (weighted means across top models) and associated significance levels 
(sig: *=p<0.05, **=p<0.01, ***=p<0.001). Results are for the time period 1988 to 2012; the 
start year was moved back from 1977 to 1988 in order to exclude all years with zero 
recorded hectad colonisations and cover only the years of continuous, positive range 
expansion. Colonisations up to the 95th percentile of dispersal distances were considered 
(“maximum typical dispersal distance” of 31.6 km for C. discolor and 29.9 km for M. roeselii). 
Note that interacting terms have to be interpreted together (cf. Fig 4.4). 
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S 4.1 Fig.  Histogram of colonisation distances for Conocephalus discolor and Metrioptera 
roeselii between 1977 and 2012, including extinctions and re-colonisations.   
Colonisation distance was defined as the distance between the centroid of a colonised or re-
colonised hectad and the centroid of the nearest previously occupied hectad for the species. 
The focal species was assumed to have gone extinct in squares where it was not recorded in 
4 years of visits, and any subsequent records were regarded as re-colonisations. The 95th 
percentile of colonisation distances (31.6km for C. discolor and 28.3km for M. roeselii) was 
defined as the “maximum typical dispersal distance” for subsequent calculations. Note log 
scale of y-axis. 
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S 4.9 Table.  Effects of weather on annual colonisation rates of Conocephalus discolor and 
Metrioptera roeselii, including extinctions and re-colonisations 
  Conocephalus discolor Metrioptera roeselii 
 
 
% 
included 
weighted 
mean 
coefficient 
weighted 
mean 
standard 
error sig 
% 
included 
weighted 
mean 
coefficient 
weighted 
mean 
standard 
error sig 
(Intercept)   100 -12.3220 13.9376  100 -93.5632 15.1727  
year   50 0.0105 0.0077  100 0.0468 0.0079 *** 
warmth 
(GDD10) 
April-
July 
same year 100 -0.0016 0.0022  100 -0.0045 0.0028  
previous year 38 -0.0007 0.0014  35 -0.0006 0.0015  
August-
October 
same year 100 0.0055 0.0013 *** 85 0.0032 0.0014 * 
previous year 38 0.0005 0.0012  73 0.0027 0.0013 * 
rainfall 
(mm) 
April-
July 
same year 100 -0.0128 0.0049 ** 100 -0.0202 0.0061 *** 
same year, 
squared 
100 -2.17E-05 1.26E-05 . 100 -1.01E-05 1.44E-05  
previous year 54 0.0020 0.0011 . 38 0.0014 0.0012  
August-
October 
same year 54 -0.0014 0.0009  54 0.0016 0.0011  
previous year 100 -0.0024 0.0009 ** 42 -0.0003 0.0010  
interaction of warmth and rainfall 
(April-July, same year) 
0 - -  0 - -  
interaction of warmth and rainfall 
squared (April-July, same year) 
100 1.28E-07 3.73E-08 *** 100 1.26E-07 4.58E-08 ** 
 
Summary of results for GLMs with ΔAIC < 4 (a set of 26 top models for both C. discolor and 
M. roeselii). The importance of variables as predictors of colonisation rate is indicated by the 
proportion of top models in which they are included (% included), and by their coefficients 
and standard errors (weighted means across top models) and associated significance levels 
(sig: . = p<0.1, *=p<0.05, **=p<0.01, ***=p<0.001). Results are for the time period 1977 to 
2012. Colonisations up to the 95th percentile of dispersal distances were considered (“typical 
maximum dispersal distance” of 31.6 km for C. discolor and 28.3 km for M. roeselii). The focal 
species was assumed to have gone extinct in squares where it was not recorded in 4 years of 
visits, and any subsequent records were regarded as re-colonisations. Note that interacting 
terms have to be interpreted together (cf. Fig 4.4). 
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S 4.10 Table:  Effects on population density of distance from range core and age of 
population 
 
species predictive variable coefficient SE t P significance 
Conocephalus 
discolor 
distance from range 
core 
5.66E-05 3.31E-04 0.171 0.865 n.s. 
age of population 2.32E-03 3.78E-03 0.613 0.543 n.s. 
Metrioptera roeselii 
distance from range 
core 
-2.22E-03 1.80E-03 -1.238 0.229 n.s. 
age of population 1.67E-02 6.51E-03 2.567 0.018 * 
 
Results of linear models of distance from range core (km) and age of population (years) 
against population density (individuals found per minute) for Conocephalus discolor and 
Metrioptera roeselii during field surveys during 2008-12 (see S 4.2 and S 4.3 Tables for data). 
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